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ABSTRACT 
Samantha M. Attard: Changing lifestyles in the urbanizing environment: how urbanicity and 
income relate to diet, physical activity, and BMI across different stages of urbanization 
(Under the direction of Penny Gordon-Larsen) 
  
Greater urbanization and higher income are risk factors for obesity in urbanizing 
countries, likely due to the adoption of obesity-related dietary behaviors and decreased physical 
activity (PA). Yet, to what extent urbanicity and income jointly influence BMI indirectly through 
caloric intake and PA has not been examined in adults experiencing urbanization.  
In this dissertation, we capitalized on longitudinal data from The China Health and 
Nutrition Survey (CHNS; >19,000 individuals ages 18-75y seen up to 7 times between 1991 and 
2009). We investigated time-varying associations for income, urbanicity, and the interaction 
between urbanicity and income with key markers of Westernized diet [total kcals and percent 
calories from animal-source foods (%animal-source kcals)], PA domains (occupational, 
domestic, travel, leisure, and total PA), and BMI over 18 years. We constructed a pathway-based 
structural equation model (SEM) to examine indirect pathways from urbanicity and income 
through total kcals and total PA to BMI over time. 
From statistical models, large behavior changes in less urban areas led to dietary and PA 
behaviors becoming more similar to those observed in individuals in more urban areas over time. 
Higher income was associated with higher total kcals and %animal-source kcals over time for 
individuals in lower urbanicity areas (p<0.05), but not in higher urbanicity areas. Higher income 
was associated with higher total PA for individuals at all urbanicity levels, particularly at later 
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time points (p<0.05). From our pathway-based SEM, adjusted mean BMI increased over time 
(p<0.05) for men at all urbanicity levels, but only for women living in lower urbanicity areas. 
Living in a higher versus lower urbanicity area was indirectly associated with higher BMI 
through lower PA (p<0.05) and was associated with lower BMI through lower total kcals 
(p<0.05). In men, but not women, estimated indirect associations from urbanicity to BMI 
through PA were larger in magnitude than those through total kcals (p<0.05).  
Our findings suggest that addressing Westernized dietary behaviors and low PA for 
individuals in less urban areas is critical early in the urbanization process. In men, the 
predominant pathway from living in a higher urban area to higher BMI was through lower PA, 
suggesting that PA is a critical intervention target for men in highly urbanized areas. The 
difference in mean BMI by urbanicity narrowed in women over time due to higher caloric intake 
in less versus more urban areas at all time points, highlighting the importance of dietary 
intervention for women in less urban areas. 
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CHAPTER 1. INTRODUCTION 
Background 
Greater urbanization has been named by the World Health Organization as a risk factor 
for obesity and cardiovascular disease (CVD).(1) Urban dwellers may be at higher risk for CVD 
due to decreased physical activity (PA) or increased caloric intake (kcals) and increased fat 
mass.(2) Urban versus rural residents also display these behavioral differences in low-middle 
income countries (LMICs) including China,(3; 4) where the rates of overweight and 
cardiometabolic diseases are reaching or surpassing disease rates in the United States.(3; 5; 6) 
Though many study behavioral effects of urbanization, few actually differentiate between the 
relative urbanicity of communities as they experience urbanization or time, thus it is unclear if 
changes in dietary and PA behaviors over time occur uniformly over time, or whether individuals 
in more versus less urban areas have different patterns of dietary and PA behaviors over the 
course of urbanization. These differences in diet and PA behaviors may ultimately be associated 
with differences in risk of overweight/obesity in more versus less urban areas.  
Many studies have suggested that socioeconomic status is also associated with 
overweight/obesity risk.(7; 8) Further, these studies suggest that higher socioeconomic status is 
associated with higher overweight/obesity risk in less urbanized countries but is associated with 
less overweight/obesity risk in more urbanized countries.(7-9) There has been a host of studies 
examining the associations between either urbanicity(10-17) or income(8; 18-20) with lifestyle 
behaviors and BMI. However, few have examined income and urbanicity in conjunction in order 
to test differences by income in the relationships of urbanicity with behaviors or BMI.(9; 21; 22) 
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No previous studies to our knowledge have used statistical models to explicitly examine the 
evolution of socioeconomic disparities in lifestyle behaviors and BMI among individuals living 
in more versus less urban areas over the course of urbanization. Thus, there is little 
understanding of differential impacts of the urban environment on dietary and PA behaviors for 
individuals of different income levels.  
Though differences in diet and PA by income and urbanicity have not been examined in a 
longitudinal context, it is likely that such heterogeneity in behavior is associated with differences 
in BMI and risk of overweight/obesity. However, no previous studies have connected the 
multistep pathway from urbanicity and income to BMI through energy-related behaviors, and it 
is unclear whether differences in caloric intake and PA for individuals of high versus low income 
living in more versus less urban areas are associated with BMI over time. Studies have examined 
the relative contribution of caloric intake versus PA on BMI in a country experiencing 
urbanization,(23; 24) however, these studies were conducted in limited samples [Ng et al.(23) in 
young adult men and Adair et al.(24) in women who had just given birth]. Further, neither study 
explicitly measured associations of urbanicity or income with energy-related behaviors. Thus, 
the multistep pathway connecting urbanicity and income to BMI through lifestyle behaviors over 
a period of urbanization has not been examined in a single statistical model. 
In this dissertation, we test the hypothesis that urbanization is associated with different 
patterns of dietary and PA behaviors for individuals living in more versus less urban areas over 
time. We further test whether income is differentially associated with these behaviors within 
specific levels of urbanicity. We hypothesize that higher income, particularly in less urban areas, 
may be associated with more Westernized diet and lower PA over time because higher income 
may be associated with a service-based, sedentary occupation and greater ability to afford 
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calorically dense, animal-source foods. We hypothesize that associations between urbanicity and 
BMI differ by income level and that associations between urbanicity and BMI change over time, 
and we test whether differences in caloric intake and PA by urbanicity and income level mediate 
associations between urbanicity and income with BMI. To test these hypotheses, we capitalized 
on data from the longitudinal, household-based China Health and Nutrition Survey (CHNS), 
which includes data from 228 communities in 9 Chinese provinces. With detailed information 
from >19,000 adults aged 18-75y seen a maximum of 7 times from 1991 to 2009. The CHNS is 
the optimal cohort to examine dynamics in behavior and BMI over 18 years of rapid urbanization 
because we have detailed, time-varying measures of urbanicity, income, diet and PA behaviors, 
and measured anthropometry from which we derived BMI, all over 18 years of rapid and vast 
urbanization.   
In the first aim, we used a structural equation model (SEM) to examine caloric intake and 
percent calories from animal-source foods (%animal-source kcals) as simultaneous outcomes 
over 18 years, testing the hypothesis that dietary behaviors over time differ by urbanicity and 
income level. In the second aim, we examined dynamics in four domains of PA (occupational, 
domestic, travel, leisure) and in total PA over time to determine whether urbanicity differentially 
relates to these PA domains during a period of urbanization, and whether these changes over 
time further differ by income within each urbanicity level. In the third aim, we built a 
longitudinal, pathway-based SEM to examine the associations of urbanicity, income, and the 
interaction between urbanicity and income directly with BMI as well as indirectly with BMI 
through caloric intake and total PA over 18 years. In this model, we accounted for the multistep 
pathway that connects urbanicity and income to BMI in order to determine whether caloric 
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intake versus PA over time played a comparatively stronger role in changes in BMI with 
urbanization. 
Rapid urbanization in China offers a unique opportunity to study associations between 
urbanizing environments with behavior and health in adults during a period of rapid economic 
change. We studied changing energy-related behaviors and BMI concurrent with urbanization in 
order to gain insight into the specific risk profiles for individuals living in more versus less 
urbanized communities as well as for individuals of higher versus lower income in these 
communities. In examining pathways from urbanization to BMI, we will better understand the 
development of socioeconomic disparities in risk of lifestyle-related chronic diseases such as 
overweight/obesity and diabetes and identify which subpopulations and which behaviors are the 
most efficacious candidates for intervention.  
 
Research Aims 
This dissertation addresses differences by income in the associations of urbanicity with 
lifestyle behaviors and BMI for Chinese adults over different stages of urbanization. We 
examined time-varying associations among income, urbanicity and lifestyle behaviors, and then 
completed this pathway from urbanicity and income through energy-related lifestyle behaviors to 
mean BMI over 18 years. In doing so, this work ultimately asks whether, within specific 
community environments, which behavioral patterns are responsible for the alarming rise in BMI 
and overweight/obesity prevalence in Chinese adults.  
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Aim 1. Examine time-varying effect measure modification by income in the association of 
urbanicity with Westernized dietary behaviors (%animal-source kcals and total kcals) over 
18 years in Chinese adults.   
 Rationale: Greater urbanization is related to more Westernized dietary behaviors, 
however, researchers have yet to examine whether individuals in more or less urban areas 
preferentially adopt these behaviors over time, and whether income differentially relates to 
dietary behaviors in more versus less urban areas. The bulk of the literature has focused on diet 
changes occurring in highly urbanized areas, and, as such, there is little understanding about the 
underlying socioeconomic gradients in the adoption of obesity- and CVD-related diet behaviors 
during the course of urbanization. In this aim, we focused on temporal changes in caloric intake 
over time because caloric intake is directly related to body weight and risk of obesity. We also 
studied trends in the consumption of animal-source foods, as this food group is a particularly 
salient marker of overall Westernized dietary behaviors and greater economic well-being. We 
hypothesize that declines in caloric intake will occur with urbanization over time, particularly in 
highly urbanized areas, because of a more sedentary lifestyle and reduced energy needs. We 
further hypothesize that large increases in %animal-source kcals will occur over time in less 
urban areas due to increases in individual-level income in less urban areas with urbanization. 
Methodology: We used a longitudinal, linear SEM to estimate continuous %animal-
source kcals and total kcals as simultaneous outcomes at each time point, accounting for within-
individual correlation in these two dietary measures over time.  
 Impact: In this aim, we examined differences in caloric intake and %animal-source kcals 
over time. We hypothesize that urbanicity is differentially associated with these dietary 
behaviors based on income level, and that urbanicity will also differ in association with these 
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dietary behaviors over time. Our findings will speak to the importance of income in determining 
dietary behaviors for a population experiencing urbanization and will highlight subgroups 
potentially at risk of overweight/obesity. 
 
Aim 2. Examine time-varying effect measure modification by income in the association of 
urbanicity with occupational, domestic, leisure, travel, and total PA over 18 years in 
Chinese adults. 
Rationale: Though others have examined changes in PA with urbanization in China, no 
previous research has accounted for time-varying differences by income in the associations of 
urbanicity with each PA domain over time. Thus, it is unclear whether there is a uniform decline 
in PA for individuals living in more versus less urban areas over time, or whether declines in PA 
occur differently for individuals living in more versus less urban areas as they undergo 
urbanization. To our knowledge, no previous research has accounted for the high proportion of 
zero values in PA domains within statistical models and whether time trends in PA are due to 
differences in participation versus amount of PA is unclear. We hypothesize that declines in total 
PA over time will occur across all areas, but that the largest declines will occur for high-income 
individuals living in higher urbanicity areas due to urbanicity- and income-related declines in 
occupational PA over time. 
 Methodology: Using longitudinal, zero-inflated, negative-binomial regression models 
with random effects, we estimated each continuous outcome (occupational, domestic, travel, 
leisure, and total PA), while accounting for the high proportion of zeros values in each PA 
domain. 
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 Impact: By testing variation by income in the association between urbanicity and PA 
over 18 years of urbanization, our findings will highlight whether the emergence of income-
related disparities in PA with urbanization resembles patterns observed in highly urbanized 
countries. We examined trends in occupational, domestic, travel, and leisure PA showing 
income-related differences in total PA were due to higher occupational and leisure PA for high 
versus low income individuals at each urbanicity level. From this work, we hope to be able to 
recommend salient intervention targets for increasing PA. 
 
Aim 3. Examine time-varying effect measure modification by income in the association of 
urbanicity with BMI over 18 years through time-varying caloric intake and PA in Chinese 
adults experiencing urbanization. 
Rationale: Amidst a host of studies examining the association between urbanicity or 
income with mean BMI or overweight prevalence, there is a paucity of studies examining (1) 
whether urbanicity is differentially associated with BMI depending on income level and (2) 
which patterns of energy-related behaviors mediate time-varying associations from urbanicity 
and income to BMI. In this aim, we examined the multistep pathway from income and urbanicity 
to BMI through energy-related lifestyle behaviors in order to determine whether urbanization-
related increases in BMI over time are attributable to increases in caloric intake, declines in PA, 
or both. We hypothesize that the pathway from higher urbanicity to higher BMI through lower 
PA will be larger in magnitude than the pathway through caloric intake. 
Methodology: Using a longitudinal, linear SEM, we estimated mean BMI at 7 time points 
over 18 years. We simultaneously estimated direct and indirect pathways from urbanicity and 
income through caloric intake and PA to BMI and accounted for within-individual correlation 
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between caloric intake and total PA at each time point, as well as correlation over time for 
caloric intake, PA, and BMI. 
 Impact: In this aim, we examined variation over time in the association between 
urbanicity and BMI and determined whether such changes are differentially mediated through 
caloric intake versus PA in men and women. We will report whether caloric intake versus PA 
appears to be a more salient intervention target for the prevention of excess BMI in more versus 
less urban areas due to their relative contribution to BMI over time. 
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CHAPTER 2. LITERATURE REVIEW 
The role of urbanization and income in the obesity epidemic in LMICs 
Overweight/obesity is a global epidemic, with an estimated prevalence of 2.1 billion 
adults in 2012.(25) However, the emergence of obesity as a global phenomenon is fairly recent. 
In the late 1970s and early 1980s, overweight/obesity was primarily found in highly urbanized 
countries like the United States,(26; 27) and it wasn’t until the 1980s and 1990s that the 
prevalence of overweight/obesity began to rise in LMICs like China and Brazil.(25; 28) Now, 
overweight/obesity rates are similar, if not higher, in LMICs compared to high-income 
countries.(3) In fact, of the 2.1 billion adults estimated to be overweight or obese in 2012, 13% 
live in the United States, while 15% live in China or India.(25) While many countries have 
implemented measures to prevent and treat obesity, including taxes on unhealthy food,(29) city 
planning measures to promote physical activity (PA),(30) as well as public awareness and media 
campaigns,(31) the prevalence of obesity continues to rise in most countries,(31; 32) though 
some studies have reported a slowing rate of increase.(33; 34) 
Because obesity used to be a disease primarily observed in highly urbanized countries in 
North America and Europe, and because the prevalence of obesity has increased in LMICs 
concurrent with the growth of more urban centers,(3; 32; 35) (5; 25) living in an urban (versus 
rural) area has been named by the World Health Organization as a risk factor for 
overweight/obesity.(35) It has been well documented that more urbanized countries and more 
urban areas of LMICs have higher prevalence of overweight and obesity.(17) Yet, there is 
evidence that the direction of association changes with urbanization:(36; 37) while living in an 
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urban area is associated with higher prevalence of overweight/obesity in LMICs, (17) living in 
an urban area is associated with lower prevalence of overweight/obesity in highly urbanized 
countries.(25; 38) Thus, it appears that the association between urbanicity and 
overweight/obesity risk changes over different stages of urbanization. However, it is unclear 
what changes in lifestyle behaviors precipitate this change in the direction of association between 
urbanicity and overweight/obesity risk. 
Another risk factor for obesity in urbanizing countries is having higher income.(36) Like 
urbanicity, the relationship between income and BMI appears to change over the course of 
urbanization.(7; 36) Though in the initial stages of urbanization, higher socioeconomic status (as 
measured by income, education level, or assets) is associated with higher BMI or obesity 
prevalence,(37; 39) in later stages of urbanization, it appears that higher socioeconomic status is 
associated with lower BMI.(7; 8; 17; 21) Thus, there is evidence to suggest complex, time-
varying associations between income and BMI over the course of urbanization. However, this 
hypothesis has yet to be tested using a longitudinal sample of adults experiencing 
urbanization.(40) 
The epidemiologic transition the increase in the prevalence of chronic diseases like 
obesity to the transition from rural to urban community environments and related increases in 
income over time.(5) Yet, the association between urbanicity and income with higher BMI and 
obesity risk is ultimately due to the changing dietary and activity patterns associated with living 
in a more urban area or having higher income.(3; 41; 42) The nutrition transition is the process 
by which individuals move away from high-labor, manual occupations to service-based, low-
activity occupations,(16) while also shifting from traditional diet patterns characterized by 
whole, plant-based foods to a more Westernized diet characterized by increased consumption of 
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animal-source foods,(11; 43; 44) processed foods,(12; 42) snacks,(12) and eating meals away 
from home.(12; 42; 45) It is likely that these sweeping changes in diet and activity for 
individuals experiencing urbanization underlie associations between urbanicity with higher BMI 
and obesity risk in urbanizing countries.(3) Further, opportunities to engage in these more 
Western lifestyles differ based on income as individuals experience urbanization.(18) However, 
few studies have empirically examined the multistep pathway from urbanicity and income to 
BMI through energy-related lifestyle behaviors. Thus, the behavioral patterns that underlie the 
associations among urbanicity, income, and BMI over different stages of urbanization are 
unknown.   
 
Are urbanicity and income associated with dietary behaviors in LMICs? 
 Ecological studies have shown differences in the supply and demand for specific food 
types for countries at different stages of urbanization. In more urbanized countries as compared 
to less urbanized countries, there is a higher supply of calories due to better farming 
technology(43; 46) and an influx of processed, energy-dense foods.(47) Urbanization is also 
accompanied by a much higher supply of animal-source foods, including dairy, eggs, and meat, 
due to technological improvements and declining costs to produce food.(11; 43; 44; 46; 48) 
Further, declines in the price of vegetable oils, meat, and dairy promote their consumption in 
urbanizing countries.(12; 44; 49) Also with urbanization, food products that were traditionally 
inaccessible due to their high cost become more widely consumed.(11; 44; 49; 50) Animal-
source foods are one such example of a food group that is culturally valued and also is seen as a 
marker of greater economic well-being in urbanizing countries.(11; 51)  
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It is postulated that increased supply and demand of animal-source foods and edible oils 
may contribute to increased risk of obesity and cardiovascular disease risk factors in more 
urbanized countries.(11; 52-54) Within a country experiencing urbanization, it is unclear whether 
dietary behaviors differ in more versus less urban areas over time, and thus, which 
sociodemographic subgroups may be at highest risk of diet-related chronic diseases is unclear. 
 
Are urbanicity and income associated with PA behaviors in LMICs? 
 It has been shown that urbanization is related to declines in total PA.(55) This association 
has been observed in countries that experienced a slow urbanization process such as the US, as 
well as in countries currently undergoing very rapid urbanization such as China.(55) Cross-
country comparisons suggest that the most prevalent types of PA (such as occupational and 
leisure PA) differ considerably for individuals living in countries that are more versus less 
urbanized.(30; 55; 56) In LMICs, occupational PA is considered the primary cause of declines in 
total PA with urbanization.(16; 55; 57; 58) Occupational PA is high in less urbanized countries 
because of labor-intensive occupations such as farming.(16) Occupational PA declines with 
urbanization due to technological advances and access to labor-saving devices, as well as an 
increase in service-based occupations.(16; 57; 58) Another cause of declining PA in urbanizing 
countries is household, or domestic, PA. It is hypothesized that domestic PA decreases with 
urbanization because of labor-saving technology and decreased time spent cleaning and 
preparing food.(30) Travel PA also may decline with urbanization because commuting by foot or 
by bike is replaced with commuting by car or other vehicular modes of public transportation.(57; 
59) Leisure PA, on the other hand, is primarily found in highly urbanized countries,(55; 58) and 
leisure PA may hold great promise in LMICs to replace urbanization-related declines in 
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occupational PA. However, there is little longitudinal research on leisure PA in a country 
experiencing urbanization,(58; 60) so whether participation in leisure PA increases in LMICs 
over time and whether leisure PA differs by socioeconomic subgroups over time is unclear. 
Further, debate continues as to whether in urbanizing countries, increasing leisure PA is a 
suitable replacement for the high levels of occupational PA that decline with urbanization.(61) 
 
Previous studies are limited by the use of simplistic measures of urban versus rural 
residence that do not vary over time 
Typical research examining correlates of urbanicity with lifestyle behaviors or health 
outcomes relies on administrative data, often based on population size or density, to define urban 
versus rural residence.(62; 63) However, population size and density do not capture 
distinguishing features of communities such as infrastructure, amenities, and social services that 
likely influence health and behavior independently of population size.(63) A further limitation 
pervading the literature is the use of urban versus rural classifications that are stable over time. 
Particularly in countries experiencing rapid urbanization such as China, these time-invariant 
measures may lead to misclassification of urban versus rural areas(62) and limit our ability to 
distinguish temporal nuances in behavioral profiles and health outcomes over the course of 
urbanization. In contrast to these measures, researchers have proposed that urbanicity may 
provide a more salient marker of the community environment to be used in epidemiologic 
studies.(62-66) Urbanicity is a measure that incorporates a host of differences in infrastructure, 
social services, and amenities in urban versus rural areas.(62; 63; 65) It reflects different access 
to food, transportation, social services, and media, as well as different opportunities for 
education, occupations, and leisure time, and captures differences in physical and social 
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environments, which have a great impact on human behavior and health.(63; 67; 68)Thus, 
urbanicity is a particularly powerful measure when used in time-varying contexts.(62) 
 
The association between urbanicity with lifestyle behaviors and health may differ by 
income and over time 
Income and urbanicity are correlated in urbanizing countries,(69) but they represent 
distinct constructs. Though some researchers conflate income and urbanization in LMICs, 
individual-level income may have different implications for behavior and health in different 
community contexts.(9) In China, for example, access to health care varies greatly in more urban 
versus rural areas, with a higher quantity and higher quality of facilities in more urban areas.(70) 
Thus, in a rural area, individuals may not have access to certain forms of medical care no matter 
their income level. In a more urban area, on the other hand, the fee-for-service model of health 
care in China means that income may play a very important role in determining whether or not 
you seek and receive medical care.(71) Similarly, amenities that promote engagement in PA may 
differ in more or less urban areas,(58) while declines in the price of animal products over time 
may make them more accessible across all community contexts.(18) Together these examples 
support the idea that income in the context of a specific environment may have very different 
implications for lifestyle behaviors and health outcomes. Thus, income should be examined in 
conjunction with urbanicity in order to identify potential sociodemographic disparities in 
behaviors and health. 
However, only few studies have examined income and urbanicity in concert to determine 
differences in lifestyle behaviors or BMI.(21; 72) A study of young adults in Cebu, Philippines, 
found that in women, an increase in socioeconomic status was associated with higher BMI in less 
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urban areas, but was associated with lower BMI in more urban areas,(9) yet this study was cross-
sectional and did not explore whether these associations changed over different stages of 
urbanization. A cross-country comparison has shown this same pattern of association for women 
in LMICs (higher BMI for women of high income in less urbanized countries, and higher BMI 
for women of low income in more urbanized countries),(73) however, this work does not shed 
light on what behavioral patterns produced such a change in the direction of association. Neuman 
et al.(21) also used cross-country comparisons to show that income may act synergistically with 
urbanicity to predict higher overweight/obesity risk in more versus less urbanized countries. But 
again, this work did not explore whether the association between income and overweight 
prevalence differs within the same country experiencing urbanization over time. A previous 
analysis in the CHNS by Jones-Smith, et al.,(74) used education level as a marker of 
socioeconomic status and found that time-varying interactions between education and urbanicity 
were statistically significantly associated with BMI gain over time in women (but not men); 
however, the direction and nature of the interaction was not reported. Lastly, Mendez et al.(10) 
showed in a descriptive analysis that, in China, increases in the prevalence of overweight 
between 1991 and 1998 may have been largest for individuals with high income in more urban 
areas (as compared to low income or low urban individuals), but these differences were not 
tested statistically. There has yet a longitudinal analysis examining effect measure modification 
by income in the association between urbanicity and BMI in a country experiencing 
urbanization. Thus, synergistic relationships between income and urbanicity with lifestyle 
behaviors or health outcomes over the course of urbanization have not been examined. 
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What is the relative contribution of increases in caloric intake versus decreases in PA to 
increases in obesity risk? 
 There is currently debate in the epidemiology field concerning whether the rising obesity 
prevalence globally can be attributed to PA or dietary factors. Some researchers believe that 
increased caloric intake, rather than decreased PA, is primarily to blame for the obesity 
epidemic(75) because (1) previous studies have shown increasing supply of calories across 
LMICs(43; 46) and the United States,(76; 77) as well as increased caloric intake over the last 40 
years in the United States;(78; 79) and (2) the prevalence of adults in the United States classified 
as “active” increased over the last 40 years.(80; 81) Indeed, researchers comparing the United 
States-based Continuing Survey of Food Intake from 1977-1978 and 1994-1995 showed that the 
reported increases in caloric intake over this time period are sufficient to explain increases in 
BMI observed over the same time period.(27) Food supply data from the United States has also 
shown higher kcals available for consumption in recent years, suggesting that excess caloric 
intake may be primary drivers of obesity in United States.(82)  
 On the other hand, some researchers suggest that increases in obesity prevalence are 
primarily driven by declines in PA over time.(83) These researchers cite large declines in PA that 
have been observed across both highly urbanized and still developing countries,(55) and they 
hypothesize that declining caloric intake reported in some surveys may be due to these secular 
declines in PA.(83) Researchers in the United States have used the nationally representative 
National Health and Nutrition Examination Survey (NHANES) to suggest that decreases in 
leisure PA, rather than increases in caloric intake, are responsible for increasing BMI and 
abdominal obesity in the United States, especially for young women.(84) Repeated cross-
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sections from Finland(85) and the UK(86) suggest that declines in PA, rather than increases in 
caloric intake, are responsible for increases in obesity prevalence over time.  
 An important limitation in the literature reviewed above is that it has been conducted 
primarily in highly urbanized countries experiencing relatively stable levels of environmental 
change over the periods of study. Yet, heterogeneity in dietary and PA behaviors by urbanicity 
and income may ultimately result in differences in risk of excess BMI. Thus, there is need to 
clarify whether pathways through caloric intake versus PA more strongly mediate associations of 
urbanicity and income with BMI over time.  
 
A multi-equation mediation model makes it possible to examine pathways from urbanicity 
to BMI through lifestyle behaviors, with attention to differences by income  
Both urbanicity and income have been shown to be associated with BMI, yet, as 
discussed previously, associations between urbanicity and BMI likely differ by income level. 
The relationship from urbanicity and income to BMI is a multi-step pathway, within which 
urbanicity and income are differentially associated with energy-related lifestyle behaviors that 
are in turn associated with BMI. Thus, caloric intake and PA are mediators in the relationship 
between urbanicity or income and BMI.(3) Yet, this multistep pathway has yet to be empirically 
tested in a single longitudinal model. It is unclear whether the relative contribution of caloric 
intake versus PA in association with BMI differs for individuals at different urbanicity levels or 
for individuals with higher versus lower income.  
Two previous studies have examined the relative contribution of caloric intake versus PA 
on BMI in urbanizing countries,(23; 24) however both have their limitations. Ng et al.’s study of 
young adult men in China did not explicitly examine associations of urbanicity or income with 
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lifestyle behaviors and BMI,(23) and thus it was unclear whether these behaviors differed by 
urbanicity and income. Adair et al.’s study was conducted in a cohort of Filipino women who 
had just given birth, and it is unclear whether these findings can be extrapolated to the adult 
population at large.(24) There has yet to be a study comparing the relative magnitude of the 
associations of caloric intake versus PA on BMI that also acknowledges the influence of 
changing urbanicity and income over time; thus, the behavioral patterns mediating observed 
associations of urbanicity or income with BMI within an urbanizing country have not been 
identified. This leaves a particular gap in our understanding of whether socioeconomic 
disparities in energy-related lifestyle behaviors and BMI follow similar trajectories over the 
course of urbanization as those observed in already highly urbanized countries, or whether the 
unique experience of rapid urbanization in China results in different patterns of lifestyle 
behaviors and obesity risk.  
The traditional approach to examining mediation in statistical models is to enter 
mediating variables into the same model alongside distal exposure variables.(87) This approach 
is not appropriate for the current research question because including mediators (in our case, 
caloric intake and PA) in the same statistical model as exposure variables (urbanicity and 
income) can introduce systematic bias in the beta coefficient for the exposure variables 
(urbanicity and income) that may be towards or away from the null value.(88; 89) Further, a 
simplistic mediation model would not allow us to compare the magnitude of the estimated 
indirect associations from urbanicity and income to BMI through multiple pathways (caloric 
intake versus total PA). With a multi-equation SEM, on the other hand, we can model each direct 
and indirect pathway relating urbanicity, income, caloric intake, total PA, and BMI,(88; 89) so 
we gain a complete picture of the longitudinal associations among demographics, behaviors, and 
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BMI over time. An additional strength of a multi-equation SEM is that we can account for 
correlation between mediating variables (in this example, caloric intake and PA), without 
imposing directionality in the relationship between caloric intake and PA, resulting in a more 
flexible modeling framework. 
Amidst studies failing to acknowledge heterogeneity in the associations between 
urbanicity and income with lifestyle behaviors and BMI, the proposed study is unique in the 
combination of time-varying measures of the community environment, income, individual 
dietary and PA behaviors and BMI in a single analytic model. Previous studies have shown that 
dietary and PA behaviors are changing in urbanizing environments in China and across the 
LMICs,(41; 42; 45; 49; 55; 60; 90-92) whether these behaviors jointly contribute to increases in 
BMI with urbanization is understudied, particularly in different sociodemographic groups. To 
our knowledge, no study has used a pathway-based approach to determine the associations 
among urbanization, sociodemographics, lifestyle behaviors, and BMI in a longitudinal context.  
 
Summary 
 Though the obesity epidemic was originally confined to highly urbanized countries, it is 
now a global phenomenon, with high rates of overweight/obesity even in LMICs. Higher 
urbanicity and higher income are considered risk factors for overweight/obesity in LMICs, yet 
these upstream determinants of body weight ultimately operate through energy-related lifestyle 
behaviors like caloric intake and PA. Some researchers have examined the emergence of obesity-
promoting lifestyle behaviors in urbanizing countries, yet, few have examined whether 
individuals living in more versus less urban areas differentially change their behaviors over time, 
and further, if income modifies these associations between urbanicity and behaviors over time. 
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Thus, the emergence of income or urbanicity-related disparities in lifestyle behaviors, which may 
ultimately lead to disparities in risk of other lifestyle-related chronic diseases, is unclear. Amidst 
an emerging epidemic of overweight/obesity in LMICs, few researchers have examined the 
contributions of caloric intake versus PA to overweight/obesity risk in a population experiencing 
urbanization, and none to our knowledge have explicitly examined whether income- and 
urbanicity-related differences in energy-related behaviors over time ultimately contribute to 
differences in BMI over the course of urbanization. Examining the pathway from urbanicity and 
income to BMI through caloric intake and PA requires a multi-equation mediation model that 
enables comparison of distinct behavioral pathways on BMI over the course of urbanization. In 
doing so, we seek to learn which behavioral patterns underlie the risk of overweight/obesity with 
urbanization and by income, ultimately leading to better–designed behavioral interventions for 
these groups. 
 
 21 
CHAPTER 3. URBAN RESIDENCE AND INCOME DIFFERENTIALLY RELATE TO 
TOTAL KCALS AND PERCENT ANIMAL-SOURCE KCALS IN CHINESE ADULTS 
OVER 18 YEARS OF URBANIZATION  
Overview 
In low- and middle-income countries, greater urbanization and higher income are each associated 
with Western dietary behaviors. Yet, whether income modifies the association between 
community-level urbanicity and diet behaviors during urbanization is unknown. Our objective is 
to examine key markers of urbanization-related diet [caloric intake (kcals) and percent of kcals 
from animal-source foods (%animal-source kcals)] to determine whether income modifies the 
association between community-level urbanicity and diet behaviors across 18 years of 
urbanization in China. We used data from the longitudinal, population-based China Health and 
Nutrition Survey [n=19,485 Chinese adults seen ≤7 times over 18 years (1991-2009)]. Using diet 
data from 3 repeated 24-hour dietary recalls and sex-stratified, longitudinal, structural equation 
models, we examined effect modification by individual-level income in the association between 
time-varying urbanicity and diet behaviors (total kcals and %animal-source kcals) across 18 
years of urbanization. We found that the relationship between urbanicity and dietary measures 
(total kcals and %animal-source kcals) differed across income levels, with a time-varying 
interaction between income and urbanicity. From 1991 to 2009, adjusted mean total kcals 
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decreased over time (p<0.001), and adjusted mean %animal-source kcals increased over time 
(p<0.001), with largest changes over time in less versus more urban areas. In less urban areas, 
income disparities in total kcals were present in 2009 (~100 kcals higher intake for high versus 
low income individuals; p<0.05), and were present at all time points for %animal-source kcals 
(~2% higher intake for high versus low income individuals in 1991 and 2009; p<0.05). In more 
urban areas, income differences in %animal-source kcals were not statistically significant in 
1991 or 2009 (p>0.05). With urbanization, even low income individuals in less urban areas 
display markers of more Westernized dietary behaviors and should be targeted in the early stages 
of urbanization to reduce future risk of diet-related chronic diseases 
 
Introduction 
Urbanization-related changes in the food supply include increased total kcals available 
for consumption(13) and increased supply and demand of animal-source foods like meat, dairy, 
and eggs.(44; 48) In China, animal-source foods are culturally valued and consumption of these 
products are seen as a marker of greater economic well-being.(11; 51) Caloric intake indicates 
modernization-related increases in energy density.(93) Greater urbanization(10-13) and higher 
income(18; 19) are each associated with more Western dietary behaviors. Yet, markers of a 
Westernized diet are also associated with the increase in obesity and cardiovascular disease 
(CVD) in China.(10-12; 18) It is unclear whether income modifies the association between 
community-level urbanicity and diet behaviors with urbanization, leaving gaps in our 
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understanding of which segments of the population are most at risk for rapid transition to 
Westernized diet. 
There are several reasons for this knowledge gap. First, most research examining Western 
diet behaviors in urbanizing countries has used simplistic or ecologic measures of total kcals or 
animal-source foods,(44; 46; 51; 94; 95) masking potential differences in dietary behaviors 
across socioeconomic subpopulations.(94) Second, the literature on Westernization of diet relies 
primarily on a stable classification of urbanization(10; 11; 51; 66) rather than longitudinal 
assessments of the urbanization-related processes to capture changes in the environment as they 
unfold over time across different communities. Third, the bulk of the literature has focused on 
diet changes occurring in highly urbanized areas.(36; 94) All three of these limitations result in a 
lack of understanding about the underlying socioeconomic gradients in obesity- and CVD-related 
diet behaviors occurring with urbanization. As such, there is limited data on which 
subpopulations are at greatest risk for diet-related chronic diseases with urbanization. 
In this analysis, we address major limitations in the current literature on changing dietary 
behaviors in the context of urbanization using data from Chinese adults (ages 18-75y) seen up to 
7 times from 1991-2009 in the China Health and Nutrition Survey (CHNS). We capitalized on 
detailed dietary data from 3-day food records at each time point to report changes in caloric 
intake and %animal-source kcals over 18 years and used a structural equation model (SEM) to 
examine time-varying interaction between income and urbanicity and their associations with 
total kcal and %animal-source kcal. We hypothesize that individuals living in less urbanized 
 24 
areas who have lower income will have a steeper decline in kcals over 18 years compared to 
those living in less urbanized areas with higher income, those living in more urbanized areas 
with lower income, or those living in more urbanized areas with higher income. 
 
Subjects and Methods 
The China Health and Nutrition Survey (CHNS) is a longitudinal study across 228 
communities within 9 provinces of China. Surveys began in 1989, with subsequent exams every 
2-4 years, for a total of 9 rounds between 1989 and 2011. The CHNS was designed to provide 
representation of rural, urban, and suburban areas varying substantially in geography, economic 
development, public resources, and health indicators(96), and is the only large-scale, longitudinal 
study of its kind in China. The original exam in 1989 used a multistage, random cluster design in 
eight provinces (Liaoning, Jiangsu, Shandong, Henan, Hubei, Hunan, Guangxi, and Guizhou) to 
select a stratified probability sample; a 9th province, Heilongjiang, was added in 1997 using a 
similar sampling strategy. Essentially two cities (one large and one small city – usually the 
provincial capital and a lower income city) and four counties (stratified by income: one high, one 
low, and two middle income counties) were selected in each province. Within cities, two urban 
and two suburban communities were selected; within counties, one community in the capital city 
and three rural villages were chosen. Twenty households per community were then selected for 
participation. The study met the standards for the ethical treatment of participants and was 
approved by the Institutional Review Boards of the University of North Carolina at Chapel Hill 
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and the National Institute of Health and Nutrition, Chinese Center for Disease Control and 
Prevention. Subjects gave informed consent for participation. More detailed procedures can be 
found elsewhere.(96) 
Sample: 
The eligible sample for this analysis included 20,374 adults aged 18-75y seen for at least 
one of the 1991, 1993, 1997, 2000, 2004, 2006, or 2009 exams (64,287 observations [obs]). We 
excluded a total of 889 individuals due to: pregnancy (n=106), missing covariate data (n=778), or 
for having a combination of these factors (n=5), resulting in an analytic sample of 19,485 
individuals (mean number of exams: 4.6). Compared to the 889 individuals excluded due to 
pregnancy or missing data, the 19,485 in the analytic sample were more likely to have higher 
income, live in higher urban areas, and have higher total kcals. 
Primary Outcome Measures: 
Total kcals and %animal-source kcals were calculated from diet measured at 7 time 
points between 1991 and 2009. At each time point, trained nutritionists visited study participants 
in-home over three days. During those three days, the interviewer enumerated and weighed all 
raw and processed food products brought into the home, consumed, and discarded. Over the 
same time period, individuals reported detailed information on the food consumed in and out of 
the home in three 24-hour recalls. Then, individual-level intake was calibrated to the household 
consumption data based on the measured weight of consumed products and the proportion eaten 
by each household member.(97; 98) We used Chinese food composition tables to derive total 
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kcals and kcals from animal-source foods (dairy, meat, and eggs) directly from complex recipes 
(i.e., mixed dishes).(93) We averaged measured kcals over three days to provide usual daily total 
kcal intake, which is one of the two primary outcomes in this analysis. Total kcal intake in the 
CHNS has been validated via doubly labeled water.(99) The second primary outcome was 
%animal-source kcals. The total kcals from animal-source foods were averaged over the three 
days to provide usual daily intake of animal-source foods. We then calculated %animal-source 
kcals as 100 times the kcals from animal-source foods divided by total kcals. 
Main Exposure Variables:  
Our first main exposure variable, urbanicity, reflects the degree of urbanization and 
population density in each of the CHNS communities at each time point. Urbanization in China 
has been rapid and has varied spatially and temporally, with some communities gaining 
amenities and infrastructure over time, while other communities lose factories or other features 
that would characterize a more urban environment.(62) Thus, we used individual-level and 
community-level data to create a multicomponent scale that represents infrastructure, economic, 
and social service domains that define and distinguish urban communities in China.(62) The 
scale was developed specifically for the CHNS, has high reliability, validity, and temporal 
stability(62), and has a possible range of 0-120 (with a higher score reflecting more urban 
characteristics across multiple domains). There is low residential mobility in our sample, and 
thus our time-varying measure reflects urbanization-related changes occuring in each 
community, or length of stay in an urban environment for individuals with high urbanicity and 
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no change over time. Because urbanicity generally increased in all areas over time, we defined 
year-specific tertiles of urbanicity (low, medium, and high urbanicity) for use in our statistical 
analysis. 
Household income, derived from individual and household questionnaires, was inflated to 
2009 Yuan currency in analysis for comparability over time.(100) Income also generally 
increased in all areas over time, and we defined year-specific tertiles of income (low, medium, or 
high income) for use in our statistical analysis. 
Independent Variables: 
Age and sex were self-reported at each time point. Age was categorized into 18-35y, 35-55y, and 
55-75y for statistical models because in initial model testing, we observed of a non-linear 
association between age and total kcals. 
Physical activity (PA) was calculated from in-depth interviews concerning occupational 
and domestic physical activity. Occupational PA was calculated from participant reports of the 
hours per week spent working in the last year for up to two market-sector jobs and/or income-
generating activities at home (e.g., working on a farm, caring for animals, or having a home 
business); time spent sitting, standing, walking and lifting heavy loads during their jobs was 
reported, and activity level was categorized by interviewers. Metabolic equivalent (MET)-hours 
were calculated based on the reported intensity of the occupation and the time spent at the 
job.(101) Home activity was calculated based on time spent preparing food, buying food, doing 
laundry, and in childcare. After calculating the average hours spent each week for these 
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activities, MET-hours were assigned to each activity.(60) We defined total PA as the sum of 
occupational and domestic PA in MET-hours per week, capturing both timing and intensity of 
PA. PA was used as a continuous variable in our models.  
Statistical Analysis: 
All descriptive analyses were conducted in Stata 13 (Stata Corp, College Station, TX, 
USA). We examined individual-level characteristics by time according to tertiles of urbanicity 
(low, medium, and high) and sex. Differences by urbanicity or sex were tested by ANOVA, with 
statistical significance set at the p<0.05 level. 
Statistical models and tests were administered in MPlus 7.2 (MPlus, Los Angeles, 
California, USA). We used a SEM model so that we could simultaneously estimate total kcals 
and %animal-source kcals over 18 years (7 time points), accounting for the correlation between 
total kcal and %animal-source kcal at each time point. Our main research interest was whether 
income modified the associations of urbanicity with total kcals and %animal-source kcals over 
18 years of urbanization. We used a longitudinal SEM to test the interaction between income and 
urbanicity across time. The main exposures in our SEM model were income (in time-specific 
tertiles), urbanicity (in time-specific tertiles), the interaction between income and urbanicity, 
time, the interaction between income and time, the interaction between urbanicity and time, and 
the interaction between income, urbanicity, and time. Model fit was strong: Chi-squared tests of 
model fit were statistically significant at p<0.05, the root mean square error of approximation 
(RMSEA) was low (men: 0.013; women: 0.014), and the comparative fit index (CFI) was high 
 29 
(men: 0.87; women: 0.874). Acknowledging individual-level correlation between total kcals or 
%animal-source kcals over time, we used an unstructured covariance matrix to model within-
individual correlation for these behaviors across all time points, separately for total kcals and 
%animal-source kcals. Models were sex-stratified and controlled for region (North, Central, or 
South) and age at each time point (18-35y, 35-55y, or 55-75y). We tested the inclusion of 
interaction terms between: age and urbanicity; age and income; and among age, urbanicity and 
income. None of these interaction terms were statistically significant at the p<0.05 level so none 
were included in the final model.  
Presentation of Results: 
In figures, we first present total kcals and %animal-source kcals over time using 
predicted total kcals and %animal-source kcals at each time point for men and women according 
to urbanicity level. Then, we present differences in total kcals and %animal-source kcals by 
income in 1991, 2000, and 2009 at low, medium, and high urbanicity.  
Sensitivity Analysis:  
We conducted four different sensitivity tests. First, in order to test whether the observed 
associations for total kcals were confounded by PA levels, which also decline with 
urbanization,(60) we controlled for time-varying occupational and domestic PA [which make up 
the majority of PA in Chinese adults(60)] in equations predicting total kcals. Second, to 
determine whether absolute animal-source kcals and non-animal source kcals followed the same 
trends over time as observed in our main model findings, we repeated our analysis replacing total 
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kcals with non-animal source kcals and %animal-source kcals with absolute animal-source kcals. 
Third, we wanted to determine whether our findings differed for away-from-home versus at-
home food consumption, which could result from (1) higher frequency of away-from-home 
eating in more urban areas (40% in 2009) versus less urban areas (14% in 2009); and (2) in 
CHNS, away-from-home eating is elicited by 3 consecutive 24-hour recalls, while collection of 
at-home food consumption also included weighed food records. To address potential differences, 
we replicated the central analysis in individuals who only consumed foods at-home (>70% of the 
sample at each wave). Fourth, because participants age in and out of our sample over the 18 
years of follow-up, we have a mixture of adults seen at 1 to 7 time points. Thus, we conducted a 
complete-case analysis in adults eligible for study inclusion at all 7 time points to determine how 
income and urban residence relate to total kcals and %animal-source kcals in the same 
individuals over time. 
 
Results 
Total kcals decreased over time, while %animal-source kcals increased over time (Table 
3.1; p<0.001). Total kcals were lower and %animal-source kcals were higher for individuals at 
high versus low urbanicity (p<0.01 at all time points), and differences in total kcals and 
%animal-source kcals by urbanicity decreased over time (Figure 3.1).  
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Mean urbanicity increased by similar magnitude from 1991 to 2009 in communities in 
the top and bottom tertiles of urbanicity, while mean household income increased over time, 
particularly in the highest tertile of income (Supplemental Figure 3.1). 
From our SEM, adjusted mean kcals decreased from 1991 to 2009 for individuals at all 
urbanicity levels, while holding income constant (Figure 3.1 and Supplemental Tables 3.1 and 
3.2; p<0.001). Men and women at low (versus high) urbanicity had higher total kcals at all time 
points (p<0.05 for all time points). Individuals living in relatively low urban communities at each 
time point had comparatively larger decreases in total kcals from 1991 to 2009 [men: 577 kcals 
(95% Confidence Interval [CI]: 461, 693 kcals); women: 695 kcals (CI: 583, 807 kcals)] than in 
relatively high urban communities [men: 380 kcals (CI: 494, 267 kcals); women: 436 kcals (CI: 
325, 547 kcals)].  
From the same SEM, we observed that adjusted mean %animal-source kcals increased 
for individuals at all urbanicity levels from 1991 to 2009, while holding income constant (Figure 
3.1 and Supplemental Tables 3.1 and 3.2; p<0.001). Percent animal-source kcals increased more 
in relatively low urban communities from 1991 to 2009 [men: 7% (CI: 6%, 9%); women: 9% 
(CI: 8%, 11%)] than in relatively high urban communities [men: 4% (CI: 3%, 6%); women: 6% 
(CI: 4%, 7%)]. At each time point, %animal-source kcals were higher for relatively high versus 
low urban communities (p<0.001), though differences in %animal-source kcals by relative 
urbanicity were larger in 1991 and 2000 compared to 2009.   
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We compared adjusted mean total kcals and %animal-source kcals for men and women 
with high and low income at each urbanicity level in 1991, 2000, and 2009 (Figure 3.2 and 
Supplemental Tables 3.1 and 3.2). In moderately urban communities in 1991, total kcals were 
significantly lower for individuals with high versus low income (p<0.05), while differences at 
other levels of urbanicity did not reach statistical significance. In low urbanicity communities in 
2009, total kcals were higher for individuals with high income compared to low income 
(p<0.05), but differences in total kcals by income at medium or high urbanicity were not 
statistically significant 
Comparing %animal-source kcals for men and women with high and low income at each 
urbanicity level in 1991, 2000, and 2009 (Figure 3.2 and Supplemental Table 3.1), we observed 
that at communities with relatively low and medium urbanicity at each time point, %animal-
source kcals were about ~2% higher for men and ~1.8% higher for women with high versus low 
income at all time points (p<0.05). Conversely, in communities with relatively high urbanicity at 
each time point, we found statistically significant differences in %animal-source kcals by income 
level in 1991 and 2009 (~0.8%).  
Accounting for correlation between total kcals and %animal-source kcals, we observed 
fairly low correlation between total kcals and %animal-source kcals at all time points (<0.1 
across all time points; Supplemental Table 3.3). 
We conducted several sensitivity analyses. First, we controlled for PA in our model 
predicting total kcals, finding that though PA was statistically significantly and positively 
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associated with total kcals at all time points (p<0.05), associations of income and urbanicity with 
total kcals and %animal-source kcals were not meaningfully different from our main model 
findings, while model fit statistics suggested slightly less optimal model fit when we controlled 
for PA (CFI decreased from ~0.87 to ~0.85). In a separate analysis, we wanted to determine 
whether the increase in %animal-source kcals observed over time was a product of the 
decreasing total kcals from 1991 to 2009, or whether absolute animal-source kcals increased as 
well. Thus, we compared the central analysis (%animal-source kcals and total kcals) to a model 
with absolute animal-source kcals and non animal-source kcals. Findings for absolute values 
were similar to those for percentages: absolute animal-source kcals increased over time, 
particularly for low relative to high urbanicity, and absolute non animal-source kcals decreased 
over time. Third, we restricted our sample to only individuals consuming all of their food at 
home to determine whether findings varied based on the different measurement methods or 
differences in the types of food consumed away-from-home. Mean total kcals and %animal-
source kcals did not differ from what we observed in the full sample, and similar to our main 
model findings, we observed higher %animal-source kcals at high versus low urbanicity at all 
time points. Lastly, we restricted our sample to individuals eligible for inclusion at all 7 time 
points to understand whether our main model findings reflect the individuals captured at each 
time point with differential follow-up over time. In our complete case analysis, we observed the 
same declines in total kcals and increases in %animal-source kcals over time that we observed in 
our main analysis. 
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Discussion 
Based on findings from our longitudinal SEM, we report that intake of animal-source 
foods in less urbanized areas is rapidly approaching the high levels observed in more urbanized 
areas. Moreover, while income disparities in dietary behaviors in more urbanized areas narrowed 
over time, small income disparities in our markers of Westernized diet still remain in less 
urbanized areas. Using our SEM model, we found that adoption of Westernized dietary 
behaviors differed by urbanicity level over a period of rapid urbanization in China. Adjusted 
mean %animal-source kcals increased and caloric intake decreased over time across all 
urbanicity levels. However, we observed largest changes in dietary behaviors for relatively less 
versus more urban communities, with increasing similarity in Westernized dietary behaviors 
between more and less urban communities over time. We found differences in the associations 
between income and dietary measures (caloric intake and %animal-source kcals) at different 
urbanicity levels, suggesting a time-varying interaction between income and urbanicity. 
Predictions from our SEM showed that in lesser urbanized communities, differences in caloric 
intake and %animal-source by income emerged over time, with individuals of higher versus 
lower income having increasingly higher caloric intake and %animal-source kcals over time. In 
more urbanized communities, on the other hand, income differences in caloric intake diminished 
over time were nonexistent for %animal-source kcals in 1991 or 2009. Together, our models 
results showed a rapid transition to Westernized dietary behaviors in less urban areas, whereas 
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income-related disparities in Westernized diet behaviors diminished over time in more urban 
areas.  
Using our longitudinal SEM, we observed secular declines in total kcals and increases in 
%animal-source kcals for all urbanicity and income groups over 18 years. Furthermore, we 
observed greatest 18-year dietary changes in less urban communities, while total kcals and 
particularly %animal-source kcals were comparatively stable in more urban communities over 
the 18 years. Thus, differences in total kcals and %animal-source kcals by urban status narrowed 
over time as less urban individuals “caught up” to more urban individuals, which may relate to 
increases in individual-level income in less urban areas with urbanization. While we observed an 
18-year decrease in caloric intake across all urban and income groups, in previous studies we 
found an increase in obesity prevalence over this same time period.(6; 62) It is quite possible that 
temporal declines in caloric intake may reflect reduced energy needs due to increasing sedentary 
behaviors and 18-year declines in total PA across multiple domains.(55; 101) Thus, the observed 
declines in caloric intake over 18 years do not necessarily suggest a “healthier” lifestyle over 
time. Indeed, over this time period we observed an increase in mean %animal-source kcals from 
~9% in 1991 to ~15% in 2009, reflecting an increasingly Westernized diet characterized by the 
high consumption of animal-source foods.  
We also investigated whether income modified the association between urbanicity with 
caloric intake and %animal-source kcals over 18 years of urbanization. In communities that were 
relatively more urban at a given time point, differences by income in %animal-source kcals and 
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total kcals were not statistically significant in 2009, which may reflect stabilizing consumption of 
animal-source foods that is similar to findings from more developed countries.(46) In 
communities that were relatively less urban at a given time point, we found a positive and 
statistically significant association between income and %animal-source kcals at all times, while 
differences in total kcals by income widened over time. Thus, by 2009, individuals with high 
income residing in less urban communities consumed a similar %animal-source calories relative 
to their more urban counterparts and had the highest observed caloric intake in our sample.  
Lastly, with our unique longitudinal SEM, we accounted for within-individual, time-
varying correlation between total kcals and %animal-source kcals. Low correlation between total 
kcals and %animal-source kcals, particularly at earlier time points, may be due to the fact that 
individuals with high-intensity occupations (who require a high consumption of kcals to maintain 
a stable body weight) mainly reside in less urban areas, where there is lower consumption of 
animal-source kcals.(60) 
The literature on the increasing burden of lifestyle-related diseases in urbanizing 
countries has provided limited insights into the association between urbanicity and income with 
lifestyle behaviors.(94) Most studies have not addressed population-level changes in lifestyle 
behaviors with urbanization due to a paucity of detailed, longitudinal dietary data in population-
based samples. Instead, researchers have used cross-sectional data to examine static associations 
between Westernized diet and disease outcomes by urbanicity (3; 7; 10; 19) or income(7; 39; 62; 
102). Cross-country comparisons suggest that in the initial stages of urbanization, there is higher 
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obesity and CVD risk in more versus less urban areas and in high versus low income individuals, 
but these differences in risk narrow over time in urban versus rural areas(7; 17; 103) and by low 
versus high income(8; 39; 103). Rarely have studies examined interactions between income and 
urbanicity in relation to dietary outcomes while incorporating timing of urbanization-related 
changes(36; 94), resulting in limited understanding of the scope of urbanization-related dietary 
changes across different sociodemographic subgroups. 
In contrast to these earlier studies, we examined within-country variation in dietary 
behaviors by urbanicity and income over a period of rapid urbanization. Thus, our study provides 
insight into the appropriate subpopulations to target for interventions to reduce diet-related CVD 
risk. Our findings point to diminishing differences in caloric intake and %animal-source kcals in 
more versus less urban communities over time, reflecting expansion of Westernized diet 
behaviors in less urban communities.(18) Further, in less urban areas, high versus low income 
was associated with higher total kcals and higher %animal-source kcals across all time points. 
Thus, even in the initial stages of urbanization, low income individuals residing in less urban 
areas should be targeted to reduce chronic disease-related Westernized diet behaviors. However, 
while energy might be a simpler target, animal-source foods might be difficult to intervene on 
because of their cultural value. In this analysis, we use animal-source foods as a marker of a 
Westernized dietary pattern, and thus, our findings point to subpopulations who may benefit 
from dietary interventions to improve overall healthfulness of the diet, not simply targeting the 
consumption of animal products. Our analysis is in line with findings from earlier longitudinal 
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studies from China that have found that in less urban areas, the prevalence of overweight has 
increased over time and differs by socioeconomic status(74; 103). 
While our findings make a substantial contribution to the literature on the nutrition 
transition in low-middle income countries, there are some limitations of note. First, we relied on 
data from the 24-hour recalls for all away from home food consumption, whereas at home food 
consumption was based on recalls as well as weighed and measured foods. In addition, away 
from home eating is more common in more urban areas, introducing potential sample selectivity. 
However, in our sensitivity analysis, we limited our analysis to only foods consumed at home 
and did not observe any differences in the reported total kcals or %animal-source kcals. In 
addition, model findings from this sensitivity analysis were similar to findings from our main 
analysis, suggesting that the observed differences in dietary behaviors across urban and rural 
areas reflect differences in general dietary behaviors, rather than differences in at home versus 
away from home food consumption. Second, like all large-scale epidemiologic studies, we do not 
have a direct measurement of energy expenditure, and thus we are unable to determine whether 
an individual’s total kcals simply reflects their energy requirements necessary for a stable body 
weight, or whether they are consuming excess (or deficient) calories. Similarly, our study was 
not designed to address the impact of increases in %animal-source kcals on health in Chinese 
adults. However, the CHNS is one of the only longitudinal, population-based studies with 
weighed and measured food intake data, and as such, is unique in that we can even measure and 
study quantitative kcal and %animal-source kcal intake. Thus, our work is an important first step 
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in understanding individual-level kcal intake during a period of urbanization.(104) Despite these 
limitations, our analysis has the great strengths of using a rich, longitudinal data set with 
detailed, time-varying measures of urbanicity, income, and diet to address critical gaps in the 
literature on differential changes in dietary behaviors over a period of urbanization. 
Over a period of rapid urbanization in China, we observed more rapid dietary changes in 
less urbanized areas, resulting in narrowing differences in dietary behaviors in more versus less 
urban areas. In particular, we observed that income was more strongly related to total kcals and 
%animal-source kcals in relatively lower and medium urban areas compared to higher urban 
areas, particularly at later time points. Because income gradients in dietary behaviors remained 
in less urban areas even as total kcals and %animal-source kcals became more similar in more 
versus less urban areas over time, tailored nutrition-related policies for urban and rural areas in 
countries undergoing urbanization may be necessary. Further, our findings suggest that 
implementing dietary intervention early in the urbanization process is fitting in both urban and 
rural areas in low-middle income countries.  
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Tables and Figures 
Table 3.1. Mean Characteristics over time according to sex, China Health and Nutrition Survey 1991-20091 
 Men Women 
 1991 2000 2009 1991 2000 2009 
N 3,819 4,170 4,112 4,225 4,540 4,489 
Age, years 40.5 (0.2) 44.1 (0.2) 48.5 (0.2) 40.2 (0.2) 44.3 (0.2) 48.9 (0.2) 
Income, 1000 Yuan2 16.5 (3.1) 24.2 (3.8) 49.8 (11.4) 16.4 (2.9) 24.1 (3.7) 47.2 (9.4) 
Urbanicity3 46.5) 58.9 (2.9) 66.7 (3.0) 46.7 (2.5) 59.2 (2.7) 67.4 (2.9) 
Total kcals/day4       
Total Sample 2,759.5 (11.3) 2,461.7 (10.1) 2,374.1 (10.7) 2,406.0 (9.3) 2,112.9 (8.5) 2,008.3 (9.1) 
Low Urbanicity 2,980.6 (21.6) 2,498.8 (18.3) 2,431.9 (18.4) 2,631.1 (17.1) 2,185.3 (15.7) 2,099.3 (16.5) 
Medium Urbanicity 2,761.0 (18.5) 2,481.6 (18.2) 2,418.8 (19.0) 2,397.3 (15.0) 2,111.9 (14.0) 2,001.8 (14.7) 
High Urbanicity 2,533.9 (16.2) 2,405.0 (15.9) 2,271.1 (17.8) 2,187.7 (14.0) 2,041.1 (14.1) 1,920.9 (15.8) 
Percent animal-source kcal4       
Total Sample 9.4 (0.1) 12.7 (0.1) 14.8 (0.1) 9.2 (0.1) 12.6 (0.1) 14.6 (0.1) 
Low Urbanicity 5.9 (0.2) 7.5 (0.2) 11.5 (0.3) 5.2 (0.2) 6.9 (0.2) 11.0 (0.2) 
Medium Urbanicity 8.9 (0.2) 12.9 (0.3) 14.6 (0.2) 8.2 (0.2) 12.9 (0.3) 14.7 (0.2) 
High Urbanicity 14.8 (0.2) 18.0 (0.3) 18.5 (0.2) 14.8 (0.2) 17.6 (0.3) 18.3 (0.2) 
1All cells are shown as mean (standard error). Additional years not shown: 1993, 1997, 2004, and 2006. ANOVA tests for differences in characteristics over time 
were all statistically significant at the p<0.05 level. 
2Household income inflated to 2009 Yuan values. 
3Urbanicity defined by a multicomponent urbanicity scale with possible score of 0-120 points, with time-specific tertiles of the urbanicity scale used to define 
low, medium, and high urbanicity. 
4Dietary data derived from 3-day diet records and simultaneous, consecutive 24-hour recalls at each time point. 
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Figure 3.1. Adjusted mean total kcals and %animal-source kcals in Chinese adults according to urbanicity level1 
 
1 Mean values were predicted from sex-stratified structural equation models in Chinese adults ages 18-75y. Main exposure variables were urbanicity (time-
specific tertiles of low, medium, and high urbanicity), income (time-specific tertiles of low, medium, and high income), and the interaction between urbanicity 
and income. Values were predicted at medium income, referent age (18-35y), and region (South). 
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Figure 3.2. Difference in adjusted mean kcals/day and %animal-source kcals for Chinese adults with high versus low income 
according to urbanicity level1 
 
1 Values were predicted from sex-stratified structural equation models in Chinese adults ages 18-75y. Main exposure variables were urbanicity (time-specific 
tertiles of low, medium, and high urbanicity), income (time-specific tertiles of low, medium, and high income), and the interaction between urbanicity and 
income. Values were predicted at low, medium, and high urbanicity at referent age (18-35y) and region (South).
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Supplemental Figure 3.1. Mean urbanicity and income according to time-specific tertiles of the urbanicity scale and household 
income, China Health and Nutrition Survey 1991-20091 
 
1 Urbanicity was derived from community and individual-level data to define a multicomponent urbanicity scale with possible score of 0-120 points, with a 
higher score representing more urban characteristics. Income was derived from household and individual questionnaires and was inflated to 2009 Yuan 
currency in analysis for comparability over time
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Supplemental Table 3.1. Beta coefficients from structural equation models predicting total kcals and percent kcals from 
animal-source foods in Chinese men 18-75y, China Health and Nutrition Survey 1991-20091 
 Total kcals %animal-source kcals 
 Beta 
Coefficient 
Standard 
Error 
P Value Beta 
Coefficient 
Standard 
Error 
P Value 
1991       
Low Inc2 -1.325 0.455 0.004 -0.742 0.544 0.172 
High Inc2 0.603 0.456 0.187 1.894 0.545 0.001 
Low Urb3 1.82 0.469 0 -1.074 0.56 0.055 
High Urb3 -1.774 0.45 0 6.315 0.539 0 
Low UrbXLow Inc2,3 1.267 0.618 0.04 -1.43 0.737 0.052 
Low UrbXHigh Inc2,3 -0.94 0.659 0.154 -1.756 0.788 0.026 
High UrbXLow Inc2,3 1.551 0.662 0.019 -0.094 0.791 0.905 
High UrbXHigh Inc2,3 -1.438 0.613 0.019 -1.876 0.733 0.011 
Middle Age4 -0.738 0.237 0.002 0.397 0.285 0.164 
Old Age4 -3.272 0.316 0 -0.773 0.381 0.042 
North5 1.72 0.37 0 -2.221 0.446 0 
Central5 1.054 0.233 0 -3.939 0.282 0 
Intercept 28.181 0.382 0 9.8 0.457 0 
1993       
Low Inc2 0.334 0.476 0.482 -1.057 0.606 0.081 
High Inc2 0.05 0.435 0.909 0.973 0.555 0.08 
Low Urb3 1.96 0.455 0 -2.735 0.582 0 
High Urb3 -1.165 0.451 0.01 6.53 0.577 0 
Low UrbXLow Inc2,3 -0.443 0.625 0.478 -0.713 0.796 0.37 
Low UrbXHigh Inc2,3 -0.761 0.663 0.251 1.175 0.846 0.165 
High UrbXLow Inc2,3 0.028 0.668 0.966 -1.112 0.853 0.192 
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High UrbXHigh Inc2,3 -0.014 0.604 0.982 -0.239 0.774 0.757 
Middle Age4 -0.533 0.239 0.026 0.476 0.308 0.122 
Old Age4 -2.775 0.319 0 -0.435 0.414 0.293 
North5 -0.87 0.37 0.019 -2.788 0.48 0 
Central5 1.156 0.233 0 -2.59 0.304 0 
Intercept 26.69 0.373 0 11.049 0.479 0 
1997       
Low Inc2 -0.586 0.439 0.182 -1.24 0.543 0.023 
High Inc2 -0.395 0.422 0.349 1.396 0.524 0.008 
Low Urb3 0.914 0.43 0.034 -3.453 0.535 0 
High Urb3 -2.112 0.423 0 6.678 0.526 0 
Low UrbXLow Inc2,3 0.81 0.594 0.173 -0.64 0.736 0.384 
Low UrbXHigh Inc2,3 -0.429 0.62 0.489 -0.405 0.768 0.597 
High UrbXLow Inc2,3 0.112 0.618 0.856 -1.901 0.768 0.013 
High UrbXHigh Inc2,3 0.995 0.582 0.087 0.094 0.724 0.896 
Middle Age4 -0.096 0.247 0.697 0.391 0.312 0.209 
Old Age4 -2.58 0.306 0 -0.157 0.386 0.685 
North5 -1.47 0.35 0 -3.521 0.443 0 
Central5 -0.131 0.222 0.555 -0.973 0.284 0.001 
Intercept 26.397 0.358 0 11.176 0.449 0 
2000       
Low Inc2 -0.342 0.416 0.411 -0.282 0.555 0.611 
High Inc2 0.778 0.41 0.058 2.172 0.546 0 
Low Urb3 0.738 0.416 0.076 -4.091 0.555 0 
High Urb3 -0.191 0.408 0.639 4.607 0.546 0 
Low UrbXLow Inc2,3 -0.508 0.57 0.373 -0.034 0.759 0.964 
  
4
6
 
Low UrbXHigh Inc2,3 -0.314 0.609 0.606 -0.583 0.811 0.472 
High UrbXLow Inc2,3 0.219 0.613 0.721 -0.938 0.82 0.253 
High UrbXHigh Inc2,3 -0.552 0.562 0.326 -0.188 0.75 0.803 
Middle Age4 -0.094 0.264 0.723 -0.101 0.359 0.778 
Old Age4 -2.126 0.306 0 -0.228 0.417 0.585 
North5 -2.459 0.259 0 -3.251 0.357 0 
Central5 -0.342 0.416 0.411 -1.948 0.311 0 
Intercept 25.551 0.361 0 13.554 0.488 0 
2004       
Low Inc2 -0.637 0.423 0.133 -0.678 0.549 0.216 
High Inc2 0.569 0.449 0.205 0.317 0.581 0.586 
Low Urb3 0.336 0.432 0.436 -3.175 0.56 0 
High Urb3 -1.153 0.454 0.011 4.514 0.588 0 
Low UrbXLow Inc2,3 -0.723 0.589 0.22 -1.786 0.763 0.019 
Low UrbXHigh Inc2,3 -0.24 0.668 0.72 1.296 0.864 0.134 
High UrbXLow Inc2,3 -0.261 0.664 0.694 -1.195 0.86 0.165 
High UrbXHigh Inc2,3 -0.586 0.617 0.342 0.637 0.801 0.426 
Middle Age4 0.886 0.326 0.007 0.309 0.423 0.465 
Old Age4 -0.057 0.356 0.872 -0.562 0.461 0.223 
North5 -3.549 0.279 0 -2.624 0.363 0 
Central5 0.157 0.249 0.527 -1.959 0.323 0 
Intercept 25.057 0.419 0 13.305 0.543 0 
2006       
Low Inc2 -1.146 0.477 0.016 -1.654 0.599 0.006 
High Inc2 -1.174 0.467 0.012 0.741 0.587 0.207 
Low Urb3 0.373 0.46 0.417 -3.898 0.578 0 
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High Urb3 -2.294 0.478 0 3.481 0.601 0 
Low UrbXLow Inc2,3 -0.331 0.645 0.608 0.118 0.811 0.885 
Low UrbXHigh Inc2,3 1 0.697 0.151 1.038 0.877 0.236 
High UrbXLow Inc2,3 -0.085 0.722 0.907 0.038 0.912 0.967 
High UrbXHigh Inc2,3 1.297 0.646 0.045 0.896 0.814 0.271 
Middle Age4 0.537 0.387 0.165 0.42 0.491 0.393 
Old Age4 -0.574 0.41 0.162 0.124 0.521 0.812 
North5 -1.717 0.296 0 -2.814 0.375 0 
Central5 -1.146 0.477 0.016 -3.816 0.338 0 
Intercept 25.427 0.483 0 15.742 0.611 0 
2009       
Low Inc2 0.019 0.436 0.966 -1.653 0.568 0.004 
High Inc2 0.872 0.435 0.045 0.857 0.568 0.131 
Low Urb3 0.766 0.448 0.087 -1.783 0.584 0.002 
High Urb3 -0.864 0.441 0.05 2.729 0.578 0 
Low UrbXLow Inc2,3 -1.058 0.608 0.082 -0.365 0.791 0.645 
Low UrbXHigh Inc2,3 -0.714 0.645 0.268 -0.846 0.842 0.315 
High UrbXLow Inc2,3 -0.458 0.636 0.471 1.578 0.832 0.058 
High UrbXHigh Inc2,3 -0.918 0.605 0.129 -0.067 0.792 0.933 
Middle Age4 0.725 0.37 0.05 -0.33 0.494 0.504 
Old Age4 -0.319 0.376 0.397 -1.261 0.502 0.012 
North5 -0.987 0.284 0.001 -3.567 0.377 0 
Central5 1.053 0.246 0 -4.174 0.326 0 
Intercept 23.466 0.457 0 17.532 0.604 0 
1Structural equation model predicting total kcals and %animal-source kcals at correlated outcomes over 7 time points. 
2Income defined by time-specific tertiles of household income. Referent: medium income  
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3Urbanicity defined by a multicomponent urbanicity scale with possible score of 0-120 points, with time-specific tertiles of the urbanicity scale used to define 
low, medium, and high urbanicity. Referent: medium urbanicity 
4Age defined at each time point as young adult (18-35y), middle aged (35-55y), and old age (55-75y). Referent: young adult. 
5North, Central, and South Region. Referent: South region  
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Supplemental Table 3.2. Beta coefficients from structural equation models predicting total kcals and percent kcals from 
animal-source foods in Chinese women 18-75y, China Health and Nutrition Survey 1991-20091 
 Total Kcals %animal-source kcals 
 Beta 
Coefficient 
Standard 
Error 
P Value Beta 
Coefficient 
Standard 
Error 
P Value 
1991       
Low Inc2 -0.658 0.36 0.068 -0.582 0.504 0.248 
High Inc2 -0.06 0.357 0.866 1.356 0.5 0.007 
Low Urb3 1.792 0.371 0 -1.389 0.519 0.007 
High Urb3 -1.951 0.353 0 6.899 0.494 0 
Low UrbXLow Inc2,3 0.826 0.494 0.095 -1.451 0.691 0.036 
Low UrbXHigh Inc2,3 -0.424 0.524 0.418 -0.651 0.733 0.374 
High UrbXLow Inc2,3 1.211 0.532 0.023 -1.205 0.745 0.106 
High UrbXHigh Inc2,3 -0.307 0.488 0.528 -1.599 0.683 0.019 
Middle Age4 -0.46 0.191 0.016 0.108 0.267 0.685 
Old Age4 -2.763 0.266 0 0.253 0.373 0.497 
North5 1.481 0.3 0 -2.251 0.422 0 
Central5 0.717 0.189 0 -3.522 0.266 0 
Intercept 24.46 0.3 0 9.141 0.42 0 
1993       
Low Inc2 0.178 0.383 0.642 -0.412 0.525 0.433 
High Inc2 -0.068 0.359 0.849 1.322 0.492 0.007 
Low Urb3 1.585 0.375 0 -2.583 0.514 0 
High Urb3 -1.317 0.377 0 7.171 0.52 0 
Low UrbXLow Inc2,3 -0.131 0.513 0.798 -1.159 0.702 0.099 
Low UrbXHigh Inc2,3 0.006 0.554 0.992 0.674 0.758 0.374 
High UrbXLow Inc2,3 0.081 0.553 0.883 -1.791 0.761 0.019 
  
5
0
 
High UrbXHigh Inc2,3 0.028 0.504 0.956 -0.719 0.694 0.3 
Middle Age4 -0.199 0.2 0.32 0.537 0.277 0.052 
Old Age4 -2.337 0.27 0 -0.069 0.377 0.856 
North5 -1.055 0.308 0.001 -2.105 0.433 0 
Central5 0.435 0.194 0.025 -2.533 0.273 0 
Intercept 23.477 0.306 0 9.801 0.423 0 
1997       
Low Inc2 -0.313 0.37 0.398 -0.825 0.511 0.107 
High Inc2 -0.491 0.345 0.154 2.907 0.477 0 
Low Urb3 0.486 0.363 0.181 -3.78 0.502 0 
High Urb3 -1.382 0.359 0 6.41 0.499 0 
Low UrbXLow Inc2,3 0.557 0.5 0.266 -0.768 0.69 0.266 
Low UrbXHigh Inc2,3 0.39 0.515 0.449 -2.108 0.71 0.003 
High UrbXLow Inc2,3 0.153 0.525 0.771 -2.023 0.727 0.005 
High UrbXHigh Inc2,3 0.585 0.492 0.234 -1.814 0.683 0.008 
Middle Age4 0.094 0.225 0.675 0.084 0.319 0.792 
Old Age4 -1.725 0.272 0 0.306 0.386 0.428 
North5 -1.453 0.304 0 -3.369 0.432 0 
Central5 -0.412 0.185 0.026 -1.551 0.265 0 
Intercept 22.629 0.315 0 11.133 0.442 0 
2000       
Low Inc2 -0.261 0.339 0.441 -0.39 0.526 0.458 
High Inc2 0.458 0.33 0.166 1.946 0.514 0 
Low Urb3 0.971 0.339 0.004 -4.677 0.528 0 
High Urb3 0.075 0.337 0.824 3.824 0.528 0 
Low UrbXLow Inc2,3 -0.105 0.469 0.823 -0.362 0.726 0.619 
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Low UrbXHigh Inc2,3 -0.106 0.503 0.834 -0.508 0.779 0.515 
High UrbXLow Inc2,3 -0.353 0.504 0.484 -0.453 0.785 0.564 
High UrbXHigh Inc2,3 -0.859 0.464 0.064 -0.175 0.724 0.809 
Middle Age4 1.262 0.268 0 0.338 0.429 0.431 
Old Age4 -0.363 0.301 0.227 0.537 0.481 0.264 
North5 -2.652 0.216 0 -3.043 0.349 0 
Central5 -0.825 0.186 0 -2.041 0.3 0 
Intercept 20.908 0.335 0 13.303 0.533 0 
2004       
Low Inc2 -0.861 0.342 0.012 -1.069 0.505 0.034 
High Inc2 0.923 0.356 0.01 0.619 0.526 0.239 
Low Urb3 0.515 0.337 0.127 -3.688 0.498 0 
High Urb3 -0.221 0.357 0.536 4.351 0.528 0 
Low UrbXLow Inc2,3 -0.645 0.469 0.169 -1.496 0.692 0.03 
Low UrbXHigh Inc2,3 -0.642 0.513 0.211 0.717 0.757 0.343 
High UrbXLow Inc2,3 -0.857 0.521 0.1 -1.357 0.77 0.078 
High UrbXHigh Inc2,3 -1.357 0.487 0.005 0.291 0.721 0.687 
Middle Age4 1.522 0.34 0 -1.528 0.509 0.003 
Old Age4 0.589 0.357 0.099 -1.961 0.534 0 
North5 -3.351 0.22 0 -2.983 0.329 0 
Central5 -0.667 0.194 0.001 -2.174 0.289 0 
Intercept 20.843 0.41 0 15.139 0.611 0 
2006       
Low Inc2 -0.493 0.366 0.177 -1.511 0.545 0.006 
High Inc2 -0.785 0.373 0.035 1.073 0.556 0.054 
Low Urb3 0.438 0.365 0.231 -4.096 0.545 0 
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High Urb3 -1.069 0.383 0.005 2.889 0.571 0 
Low UrbXLow Inc2,3 0.145 0.5 0.772 -0.013 0.745 0.986 
Low UrbXHigh Inc2,3 1.552 0.552 0.005 0.687 0.824 0.404 
High UrbXLow Inc2,3 -0.715 0.546 0.191 0.197 0.815 0.809 
High UrbXHigh Inc2,3 0.782 0.515 0.129 1.085 0.768 0.158 
Middle Age4 1.991 0.391 0 -0.824 0.586 0.16 
Old Age4 1.286 0.402 0.001 -1.641 0.603 0.006 
North5 -1.752 0.235 0 -2.819 0.352 0 
Central5 -0.073 0.205 0.723 -3.75 0.307 0 
Intercept 19.689 0.46 0 16.94 0.688 0 
2009       
Low Inc2 0.42 0.38 0.269 -0.68 0.567 0.23 
High Inc2 0.164 0.375 0.662 1.395 0.562 0.013 
Low Urb3 0.977 0.373 0.009 -1.706 0.557 0.002 
High Urb3 -0.176 0.378 0.642 2.921 0.566 0 
Low UrbXLow Inc2,3 -0.711 0.516 0.169 -1.244 0.771 0.107 
Low UrbXHigh Inc2,3 0.503 0.537 0.349 -1.413 0.803 0.079 
High UrbXLow Inc2,3 -1.133 0.548 0.039 0.548 0.821 0.504 
High UrbXHigh Inc2,3 -0.385 0.516 0.455 -0.642 0.773 0.406 
Middle Age4 1.894 0.435 0 -2.444 0.66 0 
Old Age4 1.093 0.439 0.013 -3.089 0.667 0 
North5 -1.452 0.244 0 -2.983 0.369 0 
Central5 0.708 0.209 0.001 -4.016 0.315 0 
Intercept 18.326 0.491 0 18.746 0.743 0 
1Structural equation model predicting total kcals and %animal-source kcals at correlated outcomes over 7 time points. 
2Income defined by time-specific tertiles of household income. Referent: medium income  
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3Urbanicity defined by a multicomponent urbanicity scale with possible score of 0-120 points, with time-specific tertiles of the urbanicity scale used to define 
low, medium, and high urbanicity. Referent: medium urbanicity 
4Age defined at each time point as young adult (18-35y), middle aged (35-55y), and old age (55-75y). Referent: young adult. 
5North, Central, and South Region. Referent: South region  
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Supplemental Table 3.3. Model-based correlation for total kcals and %animal-source kcals from structural equation models in 
Chinese men and women, China Health and Nutrition Survey 1991-20091 
Year Men Women 
1991 0.06 0.075 
1993 0.02 0.021 
1997 0.02 0.036 
2000 0.05 0.060 
2004 0.07 0.056 
2006 0.08 0.074 
2009 0.01 0.023 
1Model-based correlation from a structural equation model predicting total kcals and %animal-source kcals as correlated outcomes over time.  
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CHAPTER 4. DIFFERENTIAL ASSOCIATIONS OF URBANICITY AND INCOME 
WITH PHYSICAL ACTIVITY IN ADULTS OVER 18 YEARS IN URBANIZING 
CHINA: THE CHINA HEALTH AND NUTRITION SURVEY 
Overview 
High urbanicity and income are risk factors for cardiovascular-related chronic diseases in low-
middle income countries, perhaps due to low physical activity (PA) in urban, high income areas. 
Few studies have examined differences in PA over time according to income and urbanicity in a 
country experiencing rapid urbanization. We used data from the China Health and Nutrition 
Survey, a population-based cohort of Chinese adults (n=20,083; ages 18-75y) seen a maximum 
of 7 times from 1991-2009. We used sex-stratified, zero-inflated negative binomial regression 
models to examine occupational, domestic, leisure, travel, and total PA in Chinese adults 
according to time, urbanicity, income, and the interactions among urbanicity, income, and time, 
controlling for age and region of China. We showed larger mean temporal PA declines for 
individuals living in relatively low urbanicity areas (1991: 550 MET-hours/week; 2009: 300 
MET-hours/week) compared to high urbanicity areas (1991: 200 MET-hours/week; 2009: 125 
MET-hours/week). In low urbanicity areas, the association between income and total PA went 
from negative in 1991 (p<0.05) to positive by 2000 (p<0.05). In relatively high urbanicity areas, 
the income-PA relationship was positive at all time points and was statistically significant at 
most time points after 1997 (p<0.05). Leisure PA was the only domain of PA that increased over 
time, but >95% of individuals in low urbanicity areas reported zero leisure PA at each time point. 
Our findings show changing associations for income and urbanicity with PA over 18 years of 
urbanization. Total PA was lower for individuals living in more versus less urban areas at all 
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time points. However, these differences narrowed over time, which may relate to increases in 
individual-level income in less urban areas of China with urbanization. Low-income individuals 
in higher urbanicity areas are a particularly critical group to target to increase PA in China.  
 
Introduction 
Greater urbanization and higher socioeconomic status are each risk factors for non-
communicable diseases like cardiovascular disease (CVD) in low-middle income countries 
(LMICs).(32) In LMICs, high urbanicity and income are associated with low levels of physical 
activity (PA),(32; 57; 58; 105) whereas low urbanicity and income are associated with low levels 
of PA in high-income countries.(14; 15; 20; 22; 58) Yet, it remains unclear whether this 
transition from low PA at high income and urbanicity to low PA at low income and urbanicity 
unfolds differently by urbanicity and income within a single country over time. Urbanization is 
marked by infrastructure and economic changes that influence PA including increased use of 
labor-saving devices, the introduction of service industries to replace hard physical labor, and 
emergence of leisure time.(16) However, increased use of labor saving devices and expansion of 
service industries occurs unevenly over time, depending upon stage of urbanization and income. 
Whether there is heterogeneity in the association between urbanicity and PA by income level has 
not been adequately addressed using longitudinal data spanning a period of major urbanization. 
Examining changes in the associations among urbanicity, income, and PA over time is critical to 
identify the time-course of urbanization-related inequalities in behaviors and health to better 
understand how to prevent such inequalities. 
 The current literature addressing the impact of urbanization on the interplay between 
urbanicity and income with total PA is limited by the use of cross-sectional samples.(15; 20; 58) 
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As such, we lack insight into how the changing relationships among income, urbanicity, and PA 
unfold over time. Even the longitudinal studies in the current literature focus on secular trends in 
PA rather than examining time-varying associations between urbanicity and PA,(16; 58; 60) so it 
is unclear whether there is a uniform decline in PA in urban and rural areas over time, or whether 
declines in PA occur differently in rural versus urban areas as they undergo urbanization. 
Further, although declines in total PA with urbanization are documented in the literature,(16; 58; 
60) little is known about which domains of PA (e.g., occupational, domestic, travel, or leisure 
PA) and which subpopulations have the greatest declines with urbanization. Most studies 
dichotomize PA outcomes as physically active versus inactive,(106-108) limiting understanding 
of whether it is participation in, or amount of, PA that changes over time. Furthermore, the 
literature is populated with studies using classification of urbanicity by population size or 
density, thereby missing infrastructure, service, social, and amenity sectors that constitute an 
urban environment and have potential influence on lifestyle behaviors, such as physical 
activity.14,15 Furthermore, the bulk of the literature is based on stable classification of urbanicity, 
and are thus unable to address temporal changes in infrastructure, social, and amenity sectors that 
relate to changes in PA. 
 To address these gaps, we used data from Chinese adults (ages 18-75y) seen up to 7 times 
in the China Health and Nutrition Survey (CHNS) from 1991-2009. We capitalize upon detailed 
data on urbanization-related changes in infrastructure and service sector as well as domain-
specific PA data (e.g., occupational, domestic, travel, and leisure PA) across 18 years of follow-
up. We examined whether individual-level income modifies the association between urbanicity 
and domains of PA over a period of rapid urbanization. We hypothesize that declines in total PA 
over time occur across all areas, but that the largest declines occur for high-income individuals 
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living in higher urbanicity areas due to urbanicity- and income-related declines in occupational 
PA over time. 
 
Subjects and Methods 
The China Health and Nutrition Survey (CHNS) is a longitudinal study with ongoing data 
collection across 228 communities within 9 provinces of China. Surveys began in 1989, with 
subsequent exams every 2-4 years, for a total of 9 rounds between 1989 and 2011. The CHNS 
was designed to provide representation of rural, urban, and suburban areas varying substantially 
in geography, economic development, public resources, and health indicators(96) and is the only 
large-scale, longitudinal study of its kind in China. The original exam in 1989 used a multistage, 
random cluster design in eight provinces (Liaoning, Jiangsu, Shandong, Henan, Hubei, Hunan, 
Guangxi, and Guizhou) to select a stratified probability sample; a 9th province, Heilongjiang, was 
added in 1997 using a similar sampling strategy. Essentially two cities (one large and one small 
city – usually the provincial capital and a lower income city) and four counties (stratified by 
income: one high, one low, and two middle income counties) were selected in each province. 
Within cities, two urban and two suburban communities were selected; within counties, one 
community in the capital city and three rural villages were chosen. Twenty households per 
community were then selected for participation. The study met the standards for the ethical 
treatment of participants and was approved by the Institutional Review Boards of the University 
of North Carolina at Chapel Hill and the National Institute for Nutrition and Health, Chinese 
Center for Disease Control and Prevention. More detailed procedures can be found 
elsewhere.(96)   
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Sample: 
 The eligible sample for this analysis included 20,374 adults aged 18-75y surveyed at least 
one of the 1991, 1993, 1997, 2000, 2004, 2006, or 2009 exams (64,247 observations [obs]). We 
excluded 291 individuals who had missing covariate data (n=183), were pregnant at the time of 
measurement (n=106), or had a combination of the two (n=2), resulting in an analytic sample of 
20,083 individuals (62,193 obs; mean number of exams: 4.4). Compared to the 291 individuals 
excluded due to pregnancy or missing covariate data, the 20,083 in the analytic sample were 
more likely to be younger, live in less urban areas, and report higher total PA. 
Primary Outcome Measures: 
At all exam years, participants reported the timing and intensity of occupational and 
domestic activities. Starting in 1997, participants additionally reported the types and amount of 
travel and leisure PA. Participants reported the hours per week spent working in the last year for 
up to two market-sector jobs and/or income-generating activities at home (e.g., working on a 
farm, caring for animals, or having a home business), including time spent sitting, standing, 
walking and lifting heavy loads, which we then categorized as occupational PA.(60) We 
categorized time spent preparing food, buying food, doing laundry, and in childcare as domestic 
PA.(60) Participants reported time spent walking or biking to work, which we categorized as 
travel PA.(60) Lastly, we categorized time spent running, gymnastics, dancing, swimming, 
badminton, ball-sports (e.g. basketball, tennis) or doing martial arts as leisure PA.(60) We 
assigned metabolic (MET)-equivalent hours using the Compendium of Physical Activities(109; 
110) and calculated average hours per week for each of the activity domains (occupational, 
domestic, travel, and leisure PA). We defined total PA as the sum of the MET-hours for 
occupational, domestic, travel, and leisure PA. 
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Main Exposure Variables:  
We inflated household income, derived from individual and household questionnaires, to 
2009 Yuan currency in analysis.(100) Urbanicity reflects the degree of urbanization in each of 
the CHNS communities at each time point. Urbanization in China has been rapid and has varied 
spatially and temporally, with some communities gaining amenities and infrastructure over time, 
while other communities lose factories or other features that would characterize a more urban 
environment.(62) We used detailed individual-level and community-level data to create a 
multicomponent scale that represents infrastructure, economic, and social service domains that 
define and distinguish the features of urban environments in China.(62) The scale was developed 
specifically for the CHNS, has high reliability, validity, and temporal stability,(62; 65) and has a 
possible range of 0-120 (with a higher score reflecting more urban characteristics across multiple 
domains). We categorized urbanicity and income into time-specific tertiles (low, medium, and 
high) to account for secular increases in urbanicity and income while examining relative 
differences in urbanicity and income at each time period. 
Independent Variables: 
Participants reported age and sex at each time point using standard questionnaires. We 
entered age as a categorical variable (18-35y, 35-55y, 55-75y) in all models because we observed 
a non-linear association between age and total PA in initial model testing.  
Statistical Analysis: 
In many populations, a high proportion of individuals report zero values for many 
domains of PA, resulting in challenges for examining PA as an outcome in statistical models. A 
high proportion of zero values results in a skewed distribution for PA, violating normality 
assumptions inherent in linear regression models. Researchers would traditionally use a two-step 
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modeling framework to overcome this challenge: (1) use a logistic regression to predict any 
versus no PA, and (2) use a linear regression model to predict how much PA was reported among 
individuals who reported any PA. However, such a strategy excludes all individuals reporting 
zero PA from step two (the linear regression), and cannot account for differences in whether 
individuals report zero PA or not over time. In contrast to a traditional two-step model, the zero-
inflated negative binomial model assumes the number of inactive people (who are eligible to 
participate in these activities but report zero METs) is actually inflated by individuals who are 
ineligible to participate in that particular activity (i.e. retired individuals would not have 
occupational activity). We model the probability of being one of these excess zeros as well as the 
mean METs of the remaining population, while allowing for the uncertainty that an individual 
who reports zero METs could come from either process. We used a Vuong test to determine if 
accounting for zero-inflation was necessary. For each of our models, the p value for the Vuong 
test was <0.001, suggesting that the use of the zero-inflated negative binomial model was the 
appropriate approach.  
 We used zero-inflated negative binomial models to predict total PA as well as domestic, 
occupational, travel, and leisure PA in separate models stratified by sex for a total of 10 models. 
We used a Huber-White/sandwich estimator and clustered standard errors to account for 
correlation within individuals over time.   
 We stratified our final zero-inflated negative binomial models by sex and adjusted for 
income (in tertiles), urbanicity (in tertiles), the interaction between income and urbanicity, time 
(entered as indicator variables for year), the interactions between income, urbanicity, and time, 
age (categorized as 18-35y, 35-55y, 55-75y), and region (North, Central, or South). We 
hypothesized that income, urbanicity, and time would be related to both participation and amount 
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of PA reported, so we additionally included income, urbanicity, and time as exposure variables 
in step one of our models (predicting eligibility to engage in PA). In models for leisure PA, we 
did not include interaction terms between urbanicity and income (or the three-way interaction 
between urbanicity, income, and time) due to a very small proportion of low income, less urban 
individuals reporting leisure PA, leading to unstable model estimates. We used a Wald test to 
determine whether income by urbanicity interaction terms (including three-way interactions with 
time) were statistically significant at the p<0.05 level in the rest of our models. These interaction 
terms were statistically significant for all other models, with the exception of domestic PA for 
women. We retained the income by urbanicity interaction in this model for consistency with the 
domestic PA model for men. 
Sensitivity Analysis:  
First, because participants age in and out of our sample over the 18 years of follow-up, 
we have a mixture of adults seen at 1 to 7 time points. Thus, we conducted a complete-case 
analysis in adults eligible at all 7 time points to determine how income and urbanicity relate to 
PA domains in the same individuals over time. Second, time spent in sedentary behaviors may be 
associated with CVD risk independent of PA.(111; 112) We used a zero-inflated negative 
binomial model to examine time-varying associations between income and urbanicity with 
sedentary behaviors in 2004, 2006, and 2009 (the only three waves where time spent in leisure 
activities like reading and watching television were reported), to examine changes in sedentary 
behavior.  
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Results 
From 1991 to 2009, median urbanicity and income increased, while total PA decreased 
(p<0.05; Table 4.1). Occupational PA made up the majority of total PA at each time point.  
 The proportion of individuals reporting zero PA for each domain of PA according to sex, 
time, urbanicity, and income is presented in Table 4.2. The proportion of individuals reporting 
zero PA increased over time for all domains except for leisure PA. The proportion of individuals 
reporting zero occupational PA increased dramatically over time, particularly in high urbanicity 
areas. 
 Figure 4.1 shows model-adjusted predictions for mean total PA from 1991 to 2009 for 
individuals living in low, medium, and high urbanicity areas and with low, medium, and high 
income. Adjusted mean total PA declined over time among individuals at all urbanicity and 
income levels, with the largest declines occurring for individuals living in relatively low 
urbanicity areas (men: 500 MET-hours/week in 1991 to 300 MET-hours/week in 2009; women: 
550 MET-hours/week in 1991 to 200 MET-hours/week in 2009). Differences in total PA by 
urbanicity narrowed over time due to larger declines in PA for individuals living in lower 
compared to higher urbanicity. In relatively low urbanicity areas, high versus low income was 
associated with lower total PA in 1991 (p<0.05) and 1993 (men only; p<0.05), but higher total 
PA after 2000 (p<0.05). In relatively high urbanicity areas, high versus low income was 
associated with higher total PA at all time points and was statistically significant at the p<0.05 
level at most time points after 1997, with differences in total PA widening over time (p<0.05). 
Supplemental Tables 4.1 and 4.2 show the beta coefficients from these zero-inflated negative 
binomial models. 
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 Figure 4.2 shows adjusted mean PA separated by occupational, domestic, leisure, and 
travel PA in men and women according to urbanicity level and at medium income. We observed 
larger declines in occupational PA from 1991 to 2009 among individuals living in relatively low 
urbanicity areas in comparison to individuals living in relatively high urbanicity areas over the 
same period. Domestic PA was higher in women versus men at all time points. Leisure PA was 
low in this sample and increased over time for men and women at all urbanicity levels regardless 
of income level (p<0.05), though increases were largest among adults in high (as compared to 
low or medium) urbanicity areas. Travel PA declined from 1997 to 2009 for individuals at all 
urbanicity levels (p<0.05), with larger declines occurring for individuals living in low versus 
high urbanicity areas. Supplemental Tables 4.1 and 4.2 show beta coefficients from these zero-
inflated negative binomial models. 
 Supplemental Figures 4.1-4.4 show mean predicted occupational, domestic, travel, and 
leisure PA from separate zero-inflated negative binomial models by urbanicity and income. 
Occupational, travel, and leisure PA was higher for men and women with high versus low 
income at most time points (p<0.05). Domestic PA did not differ by income at most time points. 
 We conducted two sensitivity analyses. First, we restricted our sample to individuals 
eligible for inclusion at all 7 time points to understand whether our main model findings reflect 
the individuals captured in each time point with differential follow-up over time. In our complete 
case analysis, we observed similar patterns in PA over time, with total PA declining most for 
individuals in low versus high urbanicity areas, and with differences in PA by income widening 
over time among individuals living in high urbanicity areas. Second, we examined adjusted mean 
sedentary PA by income and urbanicity in 2004, 2006, and 2009, we found that sedentary PA 
increased over time for individuals across all levels of urbanicity and income (p<0.05), and that 
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individuals living in high urbanicity areas had higher sedentary PA than individuals in low 
urbanicity areas (p<0.05; Supplemental Figure 4.5).  
 
 
Discussion 
Our work highlights critical differences in PA behaviors for individuals living in more 
versus less urban areas of China over a period of major urbanization. We found that large 
declines in PA primarily occurred among individuals living in relatively less urban areas from 
1991 to 2009, while PA remained low and relatively stable in more urban areas over this same 
time period. Thus, PA levels among individuals living in less urban areas became more similar to 
those in more urban areas over time. We also examined time-varying interactions between 
income and urbanicity, finding emergence of higher PA for higher income individuals across all 
urbanicity levels. These higher PA levels were partially attributable to higher occupational PA 
for individuals of higher versus lower income. Further, from our analysis of different PA 
domains, we found that declines in occupational PA were the primary reason we observed 
declines in total PA for individuals living in less urban areas. While occupational PA also 
declined over time for individuals living in more urban areas, we observed a concomitant 
increase in leisure PA for these individuals, and particularly for high income individuals living in 
more urban areas. Thus, amidst urbanization-related declines in PA, individuals in more urban 
areas partially replaced occupational PA through increases in leisure PA, while individuals in 
less urban areas may not compensate for lower occupational PA through increased leisure PA.  
 Understanding the correlates of longitudinal trends in PA is of great interest to 
researchers given the increasing prevalence of lifestyle-related cardiometabolic diseases in 
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LMICs.(56) Previous studies reported sharp declines in total PA for Chinese adults from 1991 to 
2009,(60; 110) but those studies did not examine whether declines in PA differed among 
individuals living in rural versus urban areas undergoing urbanization. There are some cross-
sectional studies that report lower PA among individuals living in more versus less urbanized 
areas,(15; 108) but these studies were unable to examine time-varying differences in PA by 
levels of urbanicity. Thus, whether individuals living in more versus less urbanized areas of an 
urbanizing country experience different changes in PA over time has not been addressed. In our 
study, we found larger declines in PA for individuals living in less versus more urban areas with 
urbanization, likely due to the proliferation of labor-saving devices occurring first in highly 
urban areas and later spreading to less urbanized areas. These declines translated to an increasing 
similarity in PA across more and less urban areas over time. Our findings add to a growing body 
of work suggesting that urbanization-related changes in lifestyle behaviors and health risk extend 
beyond individuals living in highly urbanized centers to those living in less urban areas.(11; 28; 
113)  
 
We hypothesized initially lower PA for individuals living in highly urbanized areas and with 
higher income with declines in PA over time for individuals in highly urbanized areas and with 
higher income. We found income-related disparities in PA that highlight a transition from a 
pattern of PA traditionally seen in LMICs (higher PA for individuals with lower income(15; 20; 
58)) to a pattern seen in most high income countries (higher PA for individuals with higher 
income(57; 105)). This transition was particularly apparent among individuals in highly 
urbanized areas, where we observed higher occupational, leisure, and travel PA for individuals of 
high versus low income. We would have expected lower income individuals to have higher 
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occupational PA if lower income signified a manual labor occupation; however, we observed 
higher occupational PA for individuals of higher income, possibly because individuals with 
higher income are working more hours or have multiple forms of employment. Leisure PA, on 
the other hand increased over time for all income groups, but increased most for individuals of 
high versus low income. While these differences in leisure PA by income were not large, it is 
possible that further increases in leisure PA could potentially offset the urbanization-related 
declines in other PA domains. In less urban areas, differences in PA by income were not as large 
as those we observed in more urban areas. However, having higher versus lower income was 
associated with higher total PA in 2009 even in less urban areas. Our findings show differential 
urbanization-related associations between PA with urbanicity and income. Low income 
individuals living in more urban areas had the lowest observed PA and thus may be a particularly 
important group to target in interventions to increase PA.   
 We used a unique methodology to overcome statistical challenges in studying PA. In 
urbanizing environments, a high proportion of individuals report zero PA for certain PA 
domains, resulting in a highly skewed distribution for PA that violates normality assumptions. 
Yet, treating PA as a dichotomous outcome as many investigators do(106-108) masks 
differences in the proportion of individuals engaging in PA versus differences in the amount of 
PA they engage in. For our analysis, we used a zero-inflated negative binomial model to 
overcome this challenge and examined the continuous distribution of PA greater than zero while 
accounting for the high proportion of zero values. Using this approach, we found that over time, 
fewer individuals in more urban areas participated in occupational PA than individuals in less 
urban areas, and participation in occupational PA decreased more over time in more urban areas. 
Our model-based predictions also showed greater declines in mean occupational PA among 
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individuals in less, relative to more, urban areas with urbanization. In higher urbanicity areas, 
declines in participation in occupational PA may relate to shifts from manual-based occupational 
activity to service-based industries.(16) In lower urbanicity areas, declines in mean occupational 
PA may relate to technological advances and influx of labor-saving devices that reduce the 
amount of occupational PA needed.(16; 36) Thus, it is possible that urbanization influences 
participation in certain domains of PA as well as the amount of PA.  
 We examined which domains of PA changed over 18 years of urbanization and whether 
changes in PA over time differed by income and urbanicity over time. We observed a large 
decline in occupational PA from 1991 to 2009 particularly for individuals living in less 
urbanized areas, likely because improved technology and changing occupations with 
urbanization lead to more sedentary, service-based occupations.(16; 30; 114) Domestic PA 
declined slightly from 1991 to 2009, and like occupational PA, domestic PA declines are likely 
due to improved technology and more women entering the workforce.(16; 30) Active commuting 
PA declined more for individuals living in higher versus lower urbanicity areas, such that 
commuting PA was higher in 1997 and lower in 2009 for individuals in higher versus lower 
urbanicity areas. The change we observed in the direction of the association between urbanicity 
and commuting PA shows a transition from a pattern of commuting PA traditionally observed in 
LMICs(106) to a pattern similar to that found in high-income countries.(30; 61; 115) We 
observed increasing leisure PA over time particularly for individuals living in higher urbanicity 
areas and among individuals with high income. Similar to our findings, leisure PA is primarily 
observed in highly urbanized countries.(55; 58; 61) We found that higher versus lower income 
was associated with higher occupational and leisure PA at all urbanicity levels at most time 
points, while higher versus lower income was associated with higher travel PA only in highly 
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urbanized areas. Together, our findings suggest that relatively stable total PA over time among 
individuals living in higher urbanicity areas can be attributed to small decreases in occupational 
PA accompanied by increases in leisure PA over time. Among individuals living in lower 
urbanicity areas, we found large temporal declines in total PA due to declining occupational PA 
over time without a commensurate increase in leisure or travel PA. 
 There is great interest in identifying which PA domains hold most promise as 
intervention targets in LMICs because strategies used in high income countries may not be 
feasible or culturally appropriate.(57) Though declines in occupational PA are largely 
responsible for declines in total PA in LMICs, increasing occupational PA may not be a feasible 
intervention target because of the shift from manual jobs to service-based industries that occurs 
with urbanization.(56; 58) Similarly, declines in domestic PA over time may be related to 
technological advances and thus, domestic PA may not be a viable domain for intervention. 
Opinions differ on whether leisure PA is sufficient to address the global rise in physical 
inactivity,(30),(61) but our findings suggest that leisure PA is playing an increasingly important 
role in PA for Chinese adults, particularly for individuals living in higher urbanicity areas and 
with higher income. Thus, as occupational PA continues to decrease among individuals in lower 
urbanicity areas, early adoption of leisure PA in lower urbanicity areas may be a critical strategy 
for preventing obesity and CVD risk. In our sample, adjusted mean total PA was higher than the 
11.25-22.5 MET-hours/week of PA recommended in the World Health Organization Physical 
Activity Guidelines,(116) primarily due to occupational PA. Because it is likely that 
occupational PA will continue to decline with urbanization, while participation in all domains of 
PA is decreasing, it is likely that the proportion of individuals meeting PA recommendations will 
decline in the coming years. In a sensitivity analysis, we found that time spent in sedentary 
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behaviors increased for individuals across all levels of urbanicity and income between 2004 and 
2009. Together with declines in total PA, our observed increases in sedentary behaviors highlight 
the increasingly unhealthy activity behaviors in Chinese adults experiencing urbanization. 
 Our work advances the understanding of PA transitions in an urbanizing country. An 
important limitation is that our PA data is based on self-report, which is typical for large, 
population-based studies. Though accelerometer data is a more objective measure of PA, this 
technology is relatively new, and was not available in the early 1990s when we began following 
this cohort. However, because under- or over-reporting is unlikely to differ within the same 
individual over time, it is not likely to have affected our parameter estimates for PA over time. In 
spite of this limitation, our work has several strengths. First, the data from the CHNS is one of 
the only longitudinal, population-based studies in a developing country such as China, with data 
on individual behaviors and community attributes over 20 years of rapid environmental change. 
We used a multidimensional, time-varying measure of urbanicity that captured urbanization-
related changes in infrastructure, social services, and amenities over time(62) as well as rapid 
technological and demographic changes occurring in China over our study period.(3) With our 
comprehensive measures of urbanicity and PA and a sophisticated modeling technique, we 
examined different domains of PA across demographic, socioeconomic, and environmental 
characteristics finding that income-related disparities in PA increased over a period of 
urbanization, and highlighting the importance of strategies to increase PA in low income 
individuals living in less urban areas. 
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Tables and Figures 
Table 4.1. Median sample characteristics over time according to sex, China Health and Nutrition Survey 1991-20091 
 Men Women 
 1991 2000 2009 1991 2000 2009 
N 4,041 4,410 4,469 4,382 4,730 4,768 
Age, years 38.3 (28.0, 51.3) 43.6 (32.3, 54.1) 48.2 (38.2, 58.8) 38.0 (28.1, 50.8) 43.7 (33.3, 53.9) 48.9 (38.9, 59.0) 
Income, 1000 Yuan2 8.6 (13.0, 19.7) 10.4 (18.7, 29.9) 19.5 (34.9, 58.8) 8.6 (13.0, 19.5) 10.3 (18.5, 30.0) 17.9 (33.0, 56.7) 
Urbanicity3 32.1 (44.5, 61.0) 43.0 (55.8, 76.8) 50.8 (64.2, 85.1) 32.3 (44.9, 61.0) 43.5 (57.4, 76.9) 51.1 (65.6, 85.4) 
Total PA, MET-
hours/week4 
336.0  
(168.0, 576.0) 
239.9  
(106.0, 385.5) 
160.0  
(73.0, 301.5) 
401.7  
(192.0, 651.1) 
243.9  
(94.0, 420.5) 
143.2  
(61.7, 304.4) 
Occupational PA, 
MET-hours/week4 
304.0  
(132.0, 558.0) 
224.0  
(80.0, 366.0) 
138.0  
(36.0, 280.0) 
330.0  
(106.0, 582.0) 
204.0  
(42.0, 366.0) 
80.0  
(0.0, 240.0) 
Domestic PA, MET-
hours/week4 1.7 (0.0, 19.3) 0.0 (0.0, 13.1) 2.8 (0.0, 18.7) 49.7 (23.6, 78.9) 32.0 (15.8, 48.8) 38.1 (22.4, 58.3) 
Leisure PA, MET-
hours/week4 -- 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) -- 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 
Travel PA, MET-
hours/week4 -- 5.0 (0.0, 12.5) 0.0 (0.0, 5.0) -- 4.7 (0.0, 10.8) 0.0 (0.0, 5.0) 
1All cells are shown as median (25th percentile, 75th percentile).  
2Household income derived inflated to 2009 Yuan values. 
3Urbanicity defined by a multicomponent urbanicity scale with possible score of 0-120 points. 
4PA values derived from self-reported time-use questionnaires and converted into MET-hours/week. 
*Kruskal-Wallis tests for difference in median values over time were statistically significant at the p<0.05 level for all characteristics in men and women. 
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Table 4.2. Percentage of individuals reporting zero occupational, domestic, travel, and leisure PA according to sex, income, 
and urbanicity level, China Health and Nutrition Survey 1991-20091,2 
 Men Women 
 1991 2000 2009 1991 2000 2009 
Total Physical Activity (proportion of sample reporting zero) 
Low Urbanicity      
Low Income 0.5 (0.3)* 2.7 (0.6)* 7.6 (1.1)* 0.7 (0.3)* 1.0 (0.4)* 2.6 (0.6)* 
Med Income 0.2 (0.2)* 1.8 (0.6)* 3.1 (0.8)* 0.6 (0.4)* 1.6 (0.6)* 2.5 (0.7)* 
High Income 1.4 (0.6) 0.8 (0.5)* 4.5 (1.0)* 0.8 (0.5)* 1.1 (0.5)* 3.2 (0.9)* 
Med Urbanicity      
Low Income 2.3 (0.7)* 5.8 (1.1)* 12.4 (1.5)* 0.7 (0.4)* 5.2 (1.0)* 4.3 (0.9)* 
Med Income 3.1 (0.9)* 3.3 (0.8)* 7.6 (1.2)* 1.8 (0.6) 3.5 (0.8) 3.2 (0.8) 
High Income 1.7 (0.6)* 3.5 (0.8)* 5.4 (1.0)* 0.6 (0.3) 2.1 (0.6) 2.1 (0.6) 
High Urbanicity      
Low Income 4.2 (1.2)* 11.4 (1.7)* 16.9 (2.0)* 0.9 (0.5)* 6.5 (1.2)* 2.8 (0.8)* 
Med Income 2.7 (0.7)* 8.7 (1.3)* 11.5 (1.4)* 2.3 (0.6) 3.5 (0.8) 2.0 (0.6) 
High Income 4.2 (1.2)* 11.4 (1.7)* 16.9 (2.0)* 0.9 (0.5) 6.5 (1.2) 2.8 (0.8) 
Occupational Physical Activity (proportion of sample reporting zero) 
Low Urbanicity      
Low Income 0.7 (0.3)* 5.0 (0.8)* 13.0 (1.4)* 1.3 (0.5)* 8.7 (1.1)* 20.7 (1.6)* 
Med Income 0.7 (0.4)* 3.7 (0.9)* 7.3 (1.2)* 0.9 (0.4)* 6.2 (1.1)* 14.5 (1.6)* 
High Income 1.7 (0.7) 4.9 (1.1)* 6.8 (1.2)* 2.4 (0.8)* 3.7 (1.0)* 13.1 (1.7)* 
Med Urbanicity      
Low Income 3.6 (0.9)* 15.9 (1.7)* 29.3 (2.1)* 10.1 (1.3)* 26.3 (2.0)* 37.3 (2.1)* 
Med Income 3.6 (1.0)* 10.6 (1.4)* 18.9 (1.8)* 6.6 (1.2)* 19.6 (1.7)* 30.8 (2.1)* 
High Income 2.3 (0.7)* 8.5 (1.3)* 16.0 (1.6)* 4.3 (0.9)* 13.9 (1.5)* 28.7 (2.0)* 
High Urbanicity      
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Low Income 9.0 (1.7)* 46.4 (2.7)* 55.3 (2.7)* 25.6 (2.5)* 61.3 (2.4)* 69.4 (2.2)* 
Med Income 5.1 (1.0)* 31.9 (2.1)* 35.7 (2.1)* 11.5 (1.3)* 39.2 (2.1)* 56.5 (2.1)* 
High Income 5.6 (1.0) 18.0 (1.5)* 28.2 (1.9)* 12.3 (1.4)* 33.5 (1.8)* 46.7 (2.0)* 
Domestic Physical Activity (proportion of sample reporting zero) 
Low Urbanicity      
Low Income 50.3 (2.1)* 63.8 (1.9)* 45.9 (2.1)* 6.6 (1.0)* 11.9 (1.2)* 5.8 (0.9)* 
Med Income 55.7 (2.4)* 56.1 (2.3)* 48.7 (2.2)* 7.7 (1.2)* 11.1 (1.4)* 5.4 (1.0)* 
High Income 52.8 (2.7)* 54.6 (2.6)* 51.9 (2.4)* 12.8 (1.7)* 11.7 (1.7)* 7.5 (1.3)* 
Med Urbanicity      
Low Income 45.4 (2.3)* 63.4 (2.2)* 45.7 (2.2)* 3.9 (0.8)* 13.3 (1.5)* 6.5 (1.0)* 
Med Income 51.2 (2.6)* 53.4 (2.2)* 52.1 (2.3)* 8.2 (1.3)* 12.1 (1.4)* 6.0 (1.1)* 
High Income 47.4 (2.3)* 52.4 (2.3)* 52.1 (2.2)* 12.1 (1.4)* 9.8 (1.3)* 7.9 (1.2)* 
High Urbanicity      
Low Income 37.4 (2.9)* 47.3 (2.7)* 40.1 (2.6)* 4.4 (1.2)* 15.7 (1.8)* 7.8 (1.3)* 
Med Income 36.7 (2.1)* 47.2 (2.2)* 44.9 (2.2)* 7.7 (1.1)* 13.8 (1.5)* 8.1 (1.2)* 
High Income 41.4 (2.1)* 45.2 (2.0)* 42.0 (2.1) 8.2 (1.2)* 14.8 (1.4)* 8.3 (1.1)* 
Leisure Physical Activity (proportion of sample reporting zero) 
Low Urbanicity      
Low Income  94.7 (0.9)* 98.5 (0.5)*  99.0 (0.4) 99.1 (0.4 
Med Income  94.5 (1.1)* 98.0 (0.6)*  97.1 (0.8) 99.0 (0.4) 
High Income  91.4 (1.5)* 95.3 (1.0)*  98.9 (0.5) 97.1 (0.8) 
Med Urbanicity      
Low Income  91.4 (1.3) 93.9 (1.1)  97.3 (0.7) 94.3 (1.0) 
Med Income  87.5 (1.5) 90.5 (1.3)  93.3 (1.0)* 91.9 (1.2)* 
High Income  85.3 (1.6) 85.5 (1.5)  94.9 (1.0)* 91.5 (1.2)* 
High Urbanicity      
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Low Income  84.7 (2.0) 88.3 (1.7)  92.5 (1.3)* 88.7 (1.5)* 
Med Income  80.0 (1.8)* 78.9 (1.8)*  88.7 (1.4)* 81.4 (1.7)* 
High Income  77.3 (1.7)* 74.4 (1.8)*  88.1 (1.3)* 79.9 (1.6)* 
Travel Physical Activity (proportion of sample reporting zero) 
Low Urbanicity      
Low Income  44.1 (1.9)* 43.3 (2.0)*  48.9 (1.9)* 50.5 (2.0)* 
Med Income  34.9 (2.2)* 49.9 (2.2)*  35.6 (2.2)* 50.0 (2.2)* 
High Income  37.3 (2.5)* 54.7 (2.4)*  32.5 (2.4)* 55.5 (2.5)* 
Med Urbanicity      
Low Income  54.0 (2.3)* 62.6 (2.2)*  53.3 (2.3)* 63.4 (2.0)* 
Med Income  42.6 (2.2)* 56.8 (2.2)*  39.8 (2.0)* 57.3 (2.2)* 
High Income  43.7 (2.3)* 60.4 (2.2)*  42.7 (2.1)* 56.4 (2.2)* 
High Urbanicity      
Low Income  42.5 (2.7)* 73.1 (2.4)*  42.1 (2.5)* 85.5 (1.7)* 
Med Income  41.9 (2.2)* 63.3 (2.1)*  36.1 (2.1)* 74.2 (1.9)* 
High Income  39.5 (2.0)* 61.7 (2.0)*  31.9 (1.8)* 67.4 (1.9)* 
 Men Women 
 1991 2000 2009 1991 2000 2009 
Total Physical Activity (proportion of sample reporting zero) 
Low Urbanicity      
Low Income 0.5 (0.3) 2.7 (0.6) 7.6 (1.1) 0.7 (0.3) 1.0 (0.4) 2.6 (0.6) 
Med Income 0.2 (0.2) 1.8 (0.6) 3.1 (0.8) 0.6 (0.4) 1.6 (0.6) 2.5 (0.7) 
High Income 1.4 (0.6) 0.8 (0.5) 4.5 (1.0) 0.8 (0.5) 1.1 (0.5) 3.2 (0.9) 
Med Urbanicity      
Low Income 2.3 (0.7) 5.8 (1.1) 12.4 (1.5) 0.7 (0.4) 5.2 (1.0) 4.3 (0.9) 
Med Income 3.1 (0.9) 3.3 (0.8) 7.6 (1.2) 1.8 (0.6)* 3.5 (0.8)* 3.2 (0.8)* 
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High Income 1.7 (0.6) 3.5 (0.8) 5.4 (1.0) 0.6 (0.3)* 2.1 (0.6)* 2.1 (0.6)* 
High Urbanicity      
Low Income 4.2 (1.2) 11.4 (1.7) 16.9 (2.0) 0.9 (0.5) 6.5 (1.2) 2.8 (0.8) 
Med Income 2.7 (0.7) 8.7 (1.3) 11.5 (1.4) 2.3 (0.6)* 3.5 (0.8)* 2.0 (0.6)* 
High Income 4.2 (1.2) 11.4 (1.7) 16.9 (2.0) 0.9 (0.5)* 6.5 (1.2)* 2.8 (0.8)* 
Occupational Physical Activity (proportion of sample reporting zero) 
Low Urbanicity      
Low Income 0.7 (0.3) 5.0 (0.8) 13.0 (1.4) 1.3 (0.5) 8.7 (1.1) 20.7 (1.6) 
Med Income 0.7 (0.4) 3.7 (0.9) 7.3 (1.2) 0.9 (0.4) 6.2 (1.1) 14.5 (1.6) 
High Income 1.7 (0.7) 4.9 (1.1) 6.8 (1.2) 2.4 (0.8) 3.7 (1.0) 13.1 (1.7) 
Med Urbanicity      
Low Income 3.6 (0.9) 15.9 (1.7) 29.3 (2.1) 10.1 (1.3) 26.3 (2.0) 37.3 (2.1) 
Med Income 3.6 (1.0) 10.6 (1.4) 18.9 (1.8) 6.6 (1.2) 19.6 (1.7) 30.8 (2.1) 
High Income 2.3 (0.7) 8.5 (1.3) 16.0 (1.6) 4.3 (0.9) 13.9 (1.5) 28.7 (2.0) 
High Urbanicity      
Low Income 9.0 (1.7) 46.4 (2.7) 55.3 (2.7) 25.6 (2.5) 61.3 (2.4) 69.4 (2.2) 
Med Income 5.1 (1.0) 31.9 (2.1) 35.7 (2.1) 11.5 (1.3) 39.2 (2.1) 56.5 (2.1) 
High Income 5.6 (1.0) 18.0 (1.5) 28.2 (1.9) 12.3 (1.4) 33.5 (1.8) 46.7 (2.0) 
Domestic Physical Activity (proportion of sample reporting zero) 
Low Urbanicity      
Low Income 50.3 (2.1) 63.8 (1.9) 45.9 (2.1) 6.6 (1.0) 11.9 (1.2) 5.8 (0.9) 
Med Income 55.7 (2.4) 56.1 (2.3) 48.7 (2.2) 7.7 (1.2) 11.1 (1.4) 5.4 (1.0) 
High Income 52.8 (2.7) 54.6 (2.6) 51.9 (2.4) 12.8 (1.7) 11.7 (1.7) 7.5 (1.3) 
Med Urbanicity      
Low Income 45.4 (2.3) 63.4 (2.2) 45.7 (2.2) 3.9 (0.8) 13.3 (1.5) 6.5 (1.0) 
Med Income 51.2 (2.6) 53.4 (2.2) 52.1 (2.3) 8.2 (1.3) 12.1 (1.4) 6.0 (1.1) 
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High Income 47.4 (2.3) 52.4 (2.3) 52.1 (2.2) 12.1 (1.4) 9.8 (1.3) 7.9 (1.2) 
High Urbanicity      
Low Income 37.4 (2.9) 47.3 (2.7) 40.1 (2.6) 4.4 (1.2) 15.7 (1.8) 7.8 (1.3) 
Med Income 36.7 (2.1) 47.2 (2.2) 44.9 (2.2) 7.7 (1.1) 13.8 (1.5) 8.1 (1.2) 
High Income 41.4 (2.1) 45.2 (2.0) 42.0 (2.1) 8.2 (1.2) 14.8 (1.4) 8.3 (1.1) 
Leisure Physical Activity (proportion of sample reporting zero) 
Low Urbanicity      
Low Income  94.7 (0.9) 98.5 (0.5)  99.0 (0.4)* 99.1 (0.4)* 
Med Income  94.5 (1.1) 98.0 (0.6)  97.1 (0.8)* 99.0 (0.4)* 
High Income  91.4 (1.5) 95.3 (1.0)  98.9 (0.5)* 97.1 (0.8)* 
Med Urbanicity      
Low Income  91.4 (1.3)* 93.9 (1.1)*  97.3 (0.7)* 94.3 (1.0)* 
Med Income  87.5 (1.5)* 90.5 (1.3)*  93.3 (1.0) 91.9 (1.2) 
High Income  85.3 (1.6)* 85.5 (1.5)*  94.9 (1.0) 91.5 (1.2) 
High Urbanicity      
Low Income  84.7 (2.0)* 88.3 (1.7)*  92.5 (1.3) 88.7 (1.5) 
Med Income  80.0 (1.8) 78.9 (1.8)  88.7 (1.4) 81.4 (1.7) 
High Income  77.3 (1.7) 74.4 (1.8)  88.1 (1.3) 79.9 (1.6) 
Travel Physical Activity (proportion of sample reporting zero) 
Low Urbanicity      
Low Income  44.1 (1.9) 43.3 (2.0)  48.9 (1.9) 50.5 (2.0) 
Med Income  34.9 (2.2) 49.9 (2.2)  35.6 (2.2) 50.0 (2.2) 
High Income  37.3 (2.5) 54.7 (2.4)  32.5 (2.4) 55.5 (2.5) 
Med Urbanicity      
Low Income  54.0 (2.3) 62.6 (2.2)  53.3 (2.3) 63.4 (2.0) 
Med Income  42.6 (2.2) 56.8 (2.2)  39.8 (2.0) 57.3 (2.2) 
  
7
7
 
High Income  43.7 (2.3) 60.4 (2.2)  42.7 (2.1) 56.4 (2.2) 
High Urbanicity      
Low Income  42.5 (2.7) 73.1 (2.4)  42.1 (2.5) 85.5 (1.7) 
Med Income  41.9 (2.2) 63.3 (2.1)  36.1 (2.1) 74.2 (1.9) 
High Income  39.5 (2.0) 61.7 (2.0)  31.9 (1.8) 67.4 (1.9) 
1Cells represent percent (standard error).  
2Urbanicity separated into time-specific tertiles (low, medium, and high urbanicity). Household income is separated into time-specific tertiles (low, medium, and 
high urbanicity). 
*Statistically significant difference (p<0.05) in the proportion of individuals reporting zero PA at a specific income or urbanicity level using a Chi-Squared test. 
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Figure 4.1. Predicted total physical activity in Chinese men and women ages 18-75y according to urbanicity and income levels, 
China Health and Nutrition Survey 1991-20091 
 
1Total physical activity predicted from sex-stratified, zero-inflated negative binomial models according to urbanicity (time-specific tertiles of low, medium, and 
high urbanicity) and income (time-specific tertiles of low, medium, and high income). Main exposure variables were time, urbanicity, income, the interaction 
between urbanicity and income, and the interaction between urbanicity, income and year. Models additionally control for region of China (North, Central, 
South) and age (ages 18-35y, 35-55y, 55-75y). Stars denote a statistically significant difference in mean PA for high versus low income at the p<0.05 level for 
at each time point.  
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Figure 4.2. Predicted occupational, domestic, travel, and leisure physical activity in Chinese men and women ages 18-75y 
according to urbanicity level, China Health and Nutrition Survey 1991-20091 
 
1Occupational, domestic, leisure, and travel PA in men (top row) and women (bottom row) predicted from sex-stratified, zero-inflated negative binomial models 
according to urbanicity (time-specific tertiles of low, medium, and high urbanicity) at medium income. Main exposure variables were year, urbanicity, income, 
the interaction between urbanicity and income, and the interaction between urbanicity, income and year. Models additionally control for region of China (North, 
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Central, South) and age (ages 18-35y, 35-55y, 55-75y). Stars denote a statistically significant difference in mean PA for high versus low urbanicity at the 
p<0.05 level for at each time point. 
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Supplemental Table 4.1. Beta coefficients and standard errors from zero-inflated negative binomial models in men, China 
Health and Nutrition Survey 1991-20091 
Total PA 
Occupational 
PA Domestic PA Travel PA Leisure PA 
Negative Binomial Parameter Estimates     
Low Urb2 ref ref ref ref ref 
Medium Urb2 -0.21 (0.03) -0.21 (0.03) -0.10 (0.13) 0.02 (0.07) 0.24 (0.11) 
High Urb2 -1.03 (0.04) -1.10 (0.04) -0.04 (0.14) 0.40 (0.09) 0.43 (0.11) 
Low Inc3 ref ref ref ref ref 
Medium Inc3 -0.13 (0.02) -0.11 (0.02) -0.42 (0.14) 0.07 (0.07) 0.02 (0.10) 
High Inc3 -0.13 (0.03) -0.12 (0.03) -0.40 (0.15) 0.11 (0.08) 0.03 (0.09) 
Med UrbXMed Inc2,3 0.01 (0.04) -0.01 (0.04) 0.33 (0.20) 0.13 (0.11) 0.00 (0.00) 
Med UrbXHigh Inc2,3 0.03 (0.05) 0.01 (0.05) 0.39 (0.21) 0.22 (0.12) 0.00 (0.00) 
High UrbXMed Inc2,3 0.07 (0.05) 0.04 (0.05) 0.43 (0.19) -0.08 (0.12) 0.00 (0.00) 
High UrbXHigh Inc2,3 0.09 (0.05) 0.07 (0.05) 0.26 (0.20) -0.11 (0.12) 0.00 (0.00) 
1991 ref ref ref -- -- 
1993 -0.20 (0.02) -0.20 (0.02) -0.17 (0.16) -- -- 
1997 -0.21 (0.02) -0.19 (0.02) -0.78 (0.13) ref ref 
2000 -0.36 (0.02) -0.35 (0.02) -0.76 (0.13) 0.12 (0.07) 0.25 (0.16) 
2004 -0.46 (0.03) -0.43 (0.03) -0.51 (0.13) -0.04 (0.08) 1.22 (0.27) 
2006 -0.58 (0.03) -0.52 (0.03) -0.56 (0.11) -0.11 (0.07) 1.05 (0.21) 
2009 -0.58 (0.04) -0.58 (0.04) -0.54 (0.11) -0.11 (0.06) 1.27 (0.23) 
Med UrbX19932 -0.06 (0.04) -0.05 (0.04) -0.06 (0.24) -- -- 
Med UrbX19972 -0.03 (0.04) 0.01 (0.04) 0.29 (0.20) ref ref 
Med UrbX2000 2 -0.08 (0.04) -0.03 (0.04) 0.58 (0.20) 0.27 (0.13) -0.14 (0.18) 
Med UrbX20042 -0.07 (0.06) -0.01 (0.06) 0.22 (0.18) -0.34 (0.11) -0.24 (0.24) 
Med UrbX20062 -0.03 (0.06) 0.03 (0.06) 0.23 (0.17) -0.15 (0.12) -0.28 (0.21) 
Med UrbX20092 -0.12 (0.06) -0.01 (0.06) 0.30 (0.16) -0.36 (0.10) -0.28 (0.22) 
High UrbX19932 0.17 (0.05) 0.19 (0.05) 0.10 (0.21) -- -- 
High UrbX19972 -0.13 (0.06) 0.10 (0.06) 0.27 (0.18) -0.20 (0.12) ref 
High UrbX20002 -0.19 (0.06) 0.11 (0.06) 0.38 (0.20) -0.79 (0.17) -0.09 (0.16) 
High UrbX20042 -0.02 (0.08) 0.33 (0.07) 0.34 (0.19) -0.72 (0.14) -0.51 (0.23) 
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High UrbX20062 0.08 (0.08) 0.46 (0.08) 0.54 (0.18) -0.44 (0.13) -0.61 (0.20) 
High UrbX20092 0.06 (0.07) 0.45 (0.07) 0.45 (0.17) -0.20 (0.12) -0.43 (0.20) 
Med IncX19933 0.07 (0.04) 0.05 (0.03) 0.24 (0.25) -- -- 
Med IncX19973 0.12 (0.03) 0.11 (0.03) 0.30 (0.20) ref ref 
Med IncX20003 0.11 (0.04) 0.08 (0.04) 0.49 (0.19) 0.08 (0.11) 0.04 (0.16) 
Med IncX20043 0.15 (0.05) 0.10 (0.05) 0.28 (0.18) -0.23 (0.12) -0.23 (0.17) 
Med IncX20063 0.26 (0.05) 0.21 (0.05) 0.54 (0.18) -0.16 (0.10) -0.05 (0.16) 
Med IncX20093 0.16 (0.05) 0.15 (0.05) 0.43 (0.17) -0.16 (0.10) -0.28 (0.18) 
High IncX19933 -0.04 (0.04) -0.04 (0.04) 0.11 (0.28) -- -- 
High IncX19973 0.07 (0.04) 0.06 (0.04) 0.63 (0.22) ref ref 
High IncX20003 0.01 (0.04) 0.02 (0.04) 0.55 (0.20) 0.01 (0.11) -0.14 (0.14) 
High IncX20043 0.10 (0.06) 0.08 (0.06) 0.20 (0.20) -0.36 (0.12) -0.15 (0.16) 
High IncX20063 0.26 (0.06) 0.21 (0.06) 0.33 (0.19) -0.33 (0.13) 0.02 (0.16) 
High IncX20093 0.14 (0.06) 0.14 (0.06) 0.41 (0.18) -0.22 (0.11) -0.17 (0.18) 
Med UrbXMed IncX19932,3 0.03 (0.07) 0.06 (0.07) -0.29 (0.34) -- -- 
Med UrbXMed IncX19972,3 -0.01 (0.06) -0.03 (0.06) -0.50 (0.28) ref -- 
Med UrbXMed IncX20002,3 0.06 (0.07) 0.06 (0.07) -0.75 (0.27) -0.31 (0.17) -- 
Med UrbXMed IncX20042,3 -0.01 (0.08) -0.02 (0.08) -0.19 (0.27) -0.08 (0.17) -- 
Med UrbXMed IncX20062,3 0.00 (0.09) -0.03 (0.09) -0.44 (0.26) -0.13 (0.16) -- 
Med UrbXMed IncX20092,3 0.02 (0.09) -0.03 (0.09) -0.39 (0.25) 0.14 (0.16) -- 
Med UrbXHigh IncX19932,3 0.18 (0.07) 0.20 (0.07) -0.09 (0.37) -- -- 
Med UrbXHigh IncX19972,3 -0.04 (0.07) -0.08 (0.06) -0.90 (0.30) ref -- 
Med UrbXHigh IncX20002,3 0.15 (0.07) 0.10 (0.07) -0.79 (0.29) -0.40 (0.17) -- 
Med UrbXHigh IncX20042,3 0.01 (0.09) -0.03 (0.09) 0.02 (0.27) -0.05 (0.18) -- 
Med UrbXHigh IncX20062,3 -0.04 (0.09) -0.10 (0.09) -0.13 (0.27) -0.38 (0.18) -- 
Med UrbXHigh IncX20092,3 0.00 (0.09) -0.06 (0.09) -0.49 (0.26) 0.07 (0.19) -- 
High UrbXMed IncX19932,3 -0.09 (0.07) -0.07 (0.07) -0.32 (0.31) -- -- 
High UrbXMed IncX19972,3 0.02 (0.08) -0.14 (0.07) -0.25 (0.25) ref -- 
High UrbXMed IncX20002,3 0.04 (0.08) -0.09 (0.08) -0.58 (0.26) -0.12 (0.16) -- 
High UrbXMed IncX20042,3 -0.08 (0.10) -0.13 (0.10) -0.40 (0.25) 0.14 (0.23) -- 
High UrbXMed IncX20062,3 -0.12 (0.11) -0.23 (0.11) -0.88 (0.25) 0.25 (0.21) -- 
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High UrbXMed IncX20092,3 0.05 (0.09) -0.17 (0.09) -0.65 (0.24) 0.07 (0.18) -- 
High UrbXHigh IncX19932,3 0.09 (0.07) 0.09 (0.07) -0.04 (0.34) -- -- 
High UrbXHigh IncX19972,3 0.16 (0.08) -0.04 (0.08) -0.48 (0.27) ref -- 
High UrbXHigh IncX20002,3 0.23 (0.08) -0.02 (0.08) -0.54 (0.28) -0.07 (0.16) -- 
High UrbXHigh IncX20042,3 0.00 (0.10) -0.25 (0.10) -0.28 (0.26) 0.44 (0.22) -- 
High UrbXHigh IncX20062,3 -0.16 (0.10) -0.43 (0.10) -0.55 (0.26) 0.47 (0.19) -- 
High UrbXHigh IncX20092,3 0.05 (0.10) -0.24 (0.10) -0.51 (0.24) 0.20 (0.18) -- 
Age 18-35y4 ref ref ref ref ref 
Age 35-55y4 0.12 (0.01) 0.05 (0.01) 0.03 (0.04) -0.04 (0.03) -0.18 (0.05) 
Age 55-75y4 -0.16 (0.02) -0.06 (0.01) 0.26 (0.04) -0.09 (0.03) -0.11 (0.06) 
North5 ref ref ref ref ref 
Central5 -0.15 (0.02) -0.14 (0.02) -0.04 (0.03) -0.01 (0.03) -0.04 (0.06) 
South5 -0.08 (0.02) -0.09 (0.02) 0.00 (0.03) -0.09 (0.03) 0.05 (0.06) 
Constant 6.41 (0.02) 6.39 (0.02) 3.49 (0.10) 2.36 (0.05) 2.93 (0.12) 
Inflation Factors6 
1991 ref ref ref -- -- 
1993 0.43 (0.13) 0.37 (0.11) 0.52 (0.04) -- -- 
1997 0.76 (0.13) 1.42 (0.10) 0.47 (0.04) ref ref 
2000 0.78 (0.13) 1.71 (0.10) 0.29 (0.04) 0.10 (0.04) 0.11 (0.06) 
2004 0.14 (0.15) 1.84 (0.10) 0.01 (0.05) 0.33 (0.05) 0.30 (0.07) 
2006 0.60 (0.14) 2.02 (0.10) -0.04 (0.05) 0.37 (0.05) 0.26 (0.07) 
2009 1.43 (0.12) 2.27 (0.10) 0.00 (0.05) 0.69 (0.04) 0.29 (0.06) 
Low Urb2 ref ref ref ref ref 
Medium Urb2 0.62 (0.09) 0.91 (0.06) -0.13 (0.04) 0.23 (0.04) -0.85 (0.07) 
High Urb2 1.09 (0.08) 2.08 (0.06) -0.54 (0.04) 0.48 (0.04) -1.76 (0.07) 
Low Inc3 ref ref ref ref ref 
Medium Inc3 -0.56 (0.07) -0.62 (0.05) -0.02 (0.03) -0.22 (0.04) -0.27 (0.06) 
High Inc3 -0.74 (0.08) -0.97 (0.05) -0.01 (0.03) -0.11 (0.04) -0.57 (0.06) 
Constant -4.07 (0.12) -4.15 (0.10) -0.01 (0.04) -0.62 (0.04) 3.17 (0.08) 
Ln(alpha)7 -0.69 (0.01) -0.97 (0.01) 0.11 (0.02) -0.41 (0.03) -0.33 (0.03) 
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1Separate zero-inflated negative binomial models estimated total, occupational, or domestic PA in 1991, 1993, 1997, 2000, 2004, 2006, and 2009. Travel and 
leisure PA were estimated in 1997, 2000, 2004, 2006, and 2009. 
2Using individual and community-level data, a multicomponent urbanicity scale was created to represent the infrastructure, economic, and social service domains 
of the urban environment (Jones-Smith, 2012). The scale has a possible score of 0-120 points, with a higher score representing more urban characteristics. The 
urbanicity scale was separated into time-specific tertiles: low, medium, and high urbanicity. Referent: low urbanicity 
3Income defined by time-specific tertiles of household income. Referent: low income 
4Age defined at each time point as young adult (18-35y), middle aged (35-55y), and old age (55-75y). Referent: young adult 
5Region of China. Referent: North region 
6Inflation factors are parameters included in a logistic regression model to predict whether or not a person is eligible to participate in the PA domain (i.e., a true 
zero). 
7Alpha is the dispersion parameter which is used to determine if zero-inflation in the model is necessary. 
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Supplemental Table 4.2. Beta coefficients and standard errors from zero-inflated negative binomial models in women, China 
Health and Nutrition Survey 1991-20091 
Total PA 
Occupational 
PA Domestic PA Travel PA Leisure PA 
Negative Binomial Parameter Estimates     
Low Urb2 ref ref ref ref ref 
Medium Urb2 -0.31 (0.03) -0.28 (0.03) 0.08 (0.06) 0.22 (0.08) 0.00 (0.21) 
High Urb2 -1.06 (0.04) -1.11 (0.04) -0.05 (0.07) 0.48 (0.07) 0.31 (0.18) 
Low Inc3 ref ref ref ref ref 
Medium Inc3 -0.07 (0.02) -0.06 (0.02) -0.04 (0.06) 0.17 (0.08) -0.26 (0.14) 
High Inc3 -0.07 (0.03) -0.05 (0.02) 0.01 (0.06) 0.11 (0.10) -0.29 (0.14) 
Med UrbXMed Inc2,3 0.09 (0.04) 0.07 (0.04) -0.07 (0.09) -0.12 (0.12) 0.00 (0.00) 
Med UrbXHigh Inc2,3 0.05 (0.04) 0.02 (0.04) -0.07 (0.09) -0.07 (0.12) 0.00 (0.00) 
High UrbXMed Inc2,3 0.12 (0.05) 0.04 (0.05) -0.07 (0.09) -0.13 (0.11) 0.00 (0.00) 
High UrbXHigh Inc2,3 0.10 (0.06) 0.03 (0.06) -0.17 (0.10) -0.10 (0.12) 0.00 (0.00) 
1991 ref ref ref -- -- 
1993 -0.26 (0.02) -0.25 (0.02) -0.24 (0.05) -- -- 
1997 -0.31 (0.02) -0.25 (0.02) -0.50 (0.05) ref ref 
2000 -0.48 (0.02) -0.42 (0.02) -0.59 (0.05) 0.18 (0.07) 0.12 (0.28) 
2004 -0.77 (0.04) -0.67 (0.04) -0.24 (0.06) 0.04 (0.07) 1.47 (0.31) 
2006 -0.84 (0.04) -0.72 (0.04) -0.46 (0.06) -0.14 (0.06) 0.98 (0.30) 
2009 -0.74 (0.04) -0.68 (0.04) -0.42 (0.05) 0.01 (0.06) 0.87 (0.26) 
Med UrbX19932 0.02 (0.04) 0.03 (0.04) -0.03 (0.08) -- -- 
Med UrbX19972 -0.01 (0.04) 0.08 (0.04) -0.16 (0.07) ref ref 
Med UrbX2000 2 -0.01 (0.05) 0.08 (0.05) -0.02 (0.07) -0.02 (0.13) 0.28 (0.30) 
Med UrbX20042 -0.04 (0.06) 0.04 (0.06) -0.26 (0.09) -0.46 (0.12) -0.70 (0.33) 
Med UrbX20062 0.07 (0.06) 0.14 (0.06) 0.03 (0.09) -0.25 (0.11) -0.13 (0.34) 
Med UrbX20092 -0.10 (0.06) -0.03 (0.06) -0.03 (0.08) -0.26 (0.14) -0.44 (0.28) 
High UrbX19932 0.18 (0.05) 0.29 (0.05) -0.03 (0.09) -- -- 
High UrbX19972 -0.18 (0.06) 0.05 (0.06) 0.02 (0.08) ref ref 
High UrbX20002 -0.23 (0.07) 0.16 (0.07) 0.02 (0.09) -0.25 (0.10) 0.10 (0.25) 
High UrbX20042 -0.03 (0.07) 0.30 (0.08) -0.07 (0.09) -1.01 (0.15) -1.02 (0.30) 
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High UrbX20062 0.12 (0.07) 0.44 (0.08) 0.16 (0.09) -0.76 (0.13) -0.64 (0.29) 
High UrbX20092 -0.03 (0.07) 0.36 (0.09) 0.15 (0.09) -0.65 (0.14) -0.63 (0.25) 
Med IncX19933 0.07 (0.03) 0.06 (0.03) 0.17 (0.09) -- -- 
Med IncX19973 0.07 (0.03) 0.08 (0.03) -0.06 (0.07) ref ref 
Med IncX20003 0.10 (0.04) 0.06 (0.04) 0.14 (0.08) -0.09 (0.12) 0.06 (0.20) 
Med IncX20043 0.24 (0.05) 0.13 (0.05) -0.02 (0.09) -0.29 (0.12) 0.21 (0.19) 
Med IncX20063 0.25 (0.05) 0.19 (0.05) 0.12 (0.09) -0.15 (0.10) 0.08 (0.22) 
Med IncX20093 0.22 (0.05) 0.15 (0.06) 0.21 (0.08) -0.10 (0.12) 0.43 (0.17) 
High IncX19933 0.01 (0.04) -0.01 (0.04) 0.14 (0.10) -- -- 
High IncX19973 0.07 (0.04) 0.06 (0.04) -0.14 (0.08) ref ref 
High IncX20003 0.15 (0.04) 0.10 (0.04) 0.06 (0.08) -0.08 (0.12) -0.22 (0.21) 
High IncX20043 0.17 (0.06) 0.09 (0.06) -0.01 (0.10) -0.35 (0.12) 0.14 (0.18) 
High IncX20063 0.25 (0.06) 0.18 (0.06) 0.11 (0.10) -0.32 (0.13) 0.24 (0.22) 
High IncX20093 0.17 (0.06) 0.07 (0.06) 0.21 (0.09) -0.21 (0.12) 0.22 (0.17) 
Med UrbXMed IncX19932,3 -0.03 (0.06) -0.01 (0.06) -0.06 (0.13) -- -- 
Med UrbXMed IncX19972,3 0.02 (0.06) -0.05 (0.06) 0.19 (0.11) ref -- 
Med UrbXMed IncX20002,3 -0.07 (0.07) -0.07 (0.07) -0.05 (0.12) 0.07 (0.18) -- 
Med UrbXMed IncX20042,3 -0.08 (0.08) -0.08 (0.09) 0.20 (0.12) 0.06 (0.17) -- 
Med UrbXMed IncX20062,3 -0.04 (0.09) -0.06 (0.09) -0.01 (0.13) 0.00 (0.16) -- 
Med UrbXMed IncX20092,3 -0.10 (0.09) -0.07 (0.09) 0.01 (0.12) -0.15 (0.19) -- 
Med UrbXHigh IncX19932,3 0.13 (0.06) 0.16 (0.06) -0.11 (0.13) -- -- 
Med UrbXHigh IncX19972,3 -0.02 (0.06) -0.06 (0.06) 0.16 (0.11) ref -- 
Med UrbXHigh IncX20002,3 0.01 (0.07) -0.01 (0.07) 0.03 (0.12) 0.13 (0.18) -- 
Med UrbXHigh IncX20042,3 0.05 (0.09) 0.02 (0.09) 0.19 (0.13) 0.21 (0.17) -- 
Med UrbXHigh IncX20062,3 -0.03 (0.09) -0.07 (0.09) -0.05 (0.14) 0.29 (0.20) -- 
Med UrbXHigh IncX20092,3 0.00 (0.09) 0.06 (0.09) -0.02 (0.13) -0.02 (0.19) -- 
High UrbXMed IncX19932,3 -0.06 (0.07) -0.09 (0.07) -0.04 (0.13) -- -- 
High UrbXMed IncX19972,3 0.02 (0.08) -0.10 (0.08) 0.15 (0.11) ref -- 
High UrbXMed IncX20002,3 0.01 (0.08) -0.19 (0.09) 0.01 (0.12) 0.15 (0.15) -- 
High UrbXMed IncX20042,3 -0.11 (0.09) -0.09 (0.11) 0.12 (0.13) 0.33 (0.21) -- 
High UrbXMed IncX20062,3 -0.24 (0.09) -0.19 (0.11) -0.10 (0.13) 0.41 (0.17) -- 
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High UrbXMed IncX20092,3 -0.07 (0.09) -0.20 (0.11) -0.07 (0.12) 0.17 (0.21) -- 
High UrbXHigh IncX19932,3 0.05 (0.07) 0.00 (0.07) -0.05 (0.14) -- -- 
High UrbXHigh IncX19972,3 0.16 (0.08) 0.04 (0.08) 0.17 (0.12) ref -- 
High UrbXHigh IncX20002,3 0.06 (0.08) -0.16 (0.09) 0.08 (0.13) 0.13 (0.15) -- 
High UrbXHigh IncX20042,3 0.07 (0.09) -0.10 (0.11) 0.14 (0.14) 0.62 (0.20) -- 
High UrbXHigh IncX20062,3 -0.14 (0.09) -0.33 (0.11) -0.01 (0.14) 0.55 (0.18) -- 
High UrbXHigh IncX20092,3 0.05 (0.09) -0.18 (0.11) -0.04 (0.13) 0.25 (0.19) -- 
Age 18-35y4 ref ref ref ref ref 
Age 35-55y4 0.16 (0.01) 0.15 (0.01) -0.16 (0.02) -0.05 (0.02) 0.06 (0.06) 
Age 55-75y4 -0.26 (0.02) -0.04 (0.02) -0.13 (0.02) -0.23 (0.04) 0.19 (0.07) 
North5 ref ref ref ref ref 
Central5 -0.09 (0.02) -0.11 (0.02) 0.01 (0.02) 0.03 (0.03) 0.11 (0.07) 
South5 0.03 (0.02) -0.01 (0.02) -0.02 (0.02) -0.03 (0.03) 0.24 (0.07) 
Constant 6.45 (0.02) 6.33 (0.02) 4.43 (0.04) 2.20 (0.05) 2.93 (0.21) 
Inflation Factors6 
1991 ref ref ref -- -- 
1993 0.42 (0.18) 0.11 (0.07) 0.46 (0.07) -- -- 
1997 0.80 (0.16) 1.06 (0.07) 0.68 (0.07) ref ref 
2000 0.93 (0.16) 1.37 (0.07) 0.51 (0.07) 0.06 (0.04) 0.14 (0.08) 
2004 0.94 (0.16) 1.90 (0.07) 0.20 (0.08) 0.73 (0.04) -0.15 (0.08) 
2006 0.96 (0.16) 2.01 (0.07) 0.04 (0.08) 0.75 (0.04) -0.24 (0.08) 
2009 0.85 (0.17) 2.05 (0.07) -0.14 (0.08) 0.92 (0.04) -0.34 (0.08) 
Low Urb2 ref ref ref ref ref 
Medium Urb2 0.50 (0.10) 0.98 (0.05) 0.03 (0.05) 0.23 (0.04) -1.27 (0.11) 
High Urb2 0.73 (0.10) 2.16 (0.05) 0.09 (0.05) 0.58 (0.04) -2.43 (0.11) 
Low Inc3 ref ref ref ref ref 
Medium Inc3 -0.29 (0.09) -0.60 (0.04) -0.02 (0.05) -0.34 (0.04) -0.41 (0.07) 
High Inc3 -0.57 (0.09) -0.87 (0.04) 0.15 (0.05) -0.39 (0.04) -0.54 (0.07) 
Constant -4.59 (0.15) -3.35 (0.07) -2.56 (0.07) -0.57 (0.05) 4.65 (0.12) 
Ln(alpha)7 -0.65 (0.01) -0.87 (0.01) -0.56 (0.01) -0.53 (0.03) -0.40 (0.04) 
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1Separate zero-inflated negative binomial models estimated total, occupational, or domestic PA in 1991, 1993, 1997, 2000, 2004, 2006, and 2009. Travel and 
leisure PA were estimated in 1997, 2000, 2004, 2006, and 2009. 
2Using individual and community-level data, a multicomponent urbanicity scale was created to represent the infrastructure, economic, and social service domains 
of the urban environment (Jones-Smith, 2012). The scale has a possible score of 0-120 points, with a higher score representing more urban characteristics. The 
urbanicity scale was separated into time-specific tertiles: low, medium, and high urbanicity. Referent: low urbanicity 
3Income defined by time-specific tertiles of household income. Referent: low income 
4Age defined at each time point as young adult (18-35y), middle aged (35-55y), and old age (55-75y). Referent: young adult 
5Region of China. Referent: North region 
6Inflation factors are parameters included in a logistic regression model to predict whether or not a person is eligible to participate in the PA domain (i.e., a true 
zero). 
7Alpha is the dispersion parameter which is used to determine if zero-inflation in the model is necessary. 
  
8
9
 
 
Supplemental Figure 4.1. Predicted mean occupational PA in Chinese men and women according to urbanicity and income 
levels, China Health and Nutrition Survey 1991-20091 
 
1 Adjusted mean occupational physical activity predicted from sex-stratified, zero-inflated negative binomial models according to urbanicity (time-specific 
tertiles of low, medium, and high urbanicity) and income (time-specific tertiles of low, medium, and high income). Main exposure variables were time, 
urbanicity, income, the interaction between urbanicity and income, and the interaction between urbanicity, income and time. Models additionally control for 
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region of China (North, Central, South) and age (ages 18-35y, 35-55y, 55-75y). Stars denote a statistically significant difference in mean PA for high versus 
low income at the p<0.05 level for at each time point.  
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Supplemental Figure 4.2. Predicted domestic PA in Chinese men and women ages 18-75y according to urbanicity and income 
levels, China Health and Nutrition Survey 1991-20091 
 
1Adjusted mean domestic physical activity predicted from sex-stratified, zero-inflated negative binomial models according to urbanicity (time-specific tertiles of 
low, medium, and high urbanicity) and income (time-specific tertiles of low, medium, and high income). Main exposure variables were time, urbanicity, 
income, the interaction between urbanicity and income, and the interaction between urbanicity, income and time. Models additionally control for region of 
China (North, Central, South) and age (ages 18-35y, 35-55y, 55-75y). Stars denote a statistically significant difference in mean PA for high versus low income 
at the p<0.05 level for at each time point. 
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Supplemental Figure 4.3. Predicted mean travel physical activity in Chinese men and women ages 18-75y according to 
urbanicity and income levels, China Health and Nutrition Survey 1991-20091 
 
1Adjusted mean travel physical activity predicted from sex-stratified, zero-inflated negative binomial models according to urbanicity (time-specific tertiles of 
low, medium, and high urbanicity) and income (time-specific tertiles of low, medium, and high income). Main exposure variables were time, urbanicity, 
income, the interaction between urbanicity and income, and the interaction between urbanicity, income and time. Models additionally control for region of 
China (North, Central, South) and age (ages 18-35y, 35-55y, 55-75y). Stars denote a statistically significant difference in mean PA for high versus low income 
at the p<0.05 level for at each time point. 
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Supplemental Figure 4.4. Predicted mean leisure physical activity in Chinese men and women ages 18-75y according to 
urbanicity and income levels, China Health and Nutrition Survey 1991-20091 
 
1Adjusted mean leisure physical activity predicted from sex-stratified, zero-inflated negative binomial models according to urbanicity (time-specific tertiles of 
low, medium, and high urbanicity) and income (time-specific tertiles of low, medium, and high income). Main exposure variables were time, urbanicity, 
income, the interaction between urbanicity and income, and the interaction between urbanicity, income and time. Models additionally control for region of 
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China (North, Central, South) and age (ages 18-35y, 35-55y, 55-75y). Stars denote a statistically significant difference in mean PA for high versus low income 
at the p<0.05 level for at each time point. 
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Supplemental Figure 4.5. Predicted mean sedentary physical activity in Chinese men and women ages 18-75y according to 
urbanicity and income levels, China Health and Nutrition Survey 1991-20091 
 
1Adjusted mean sedentary physical activity from sex-stratified, zero-inflated negative binomial models according to urbanicity (time-specific tertiles of low, 
medium, and high urbanicity) and income (time-specific tertiles of low, medium, and high income). Main exposure variables were time, urbanicity, income, the 
interaction between urbanicity and income, and the interaction between urbanicity, income and time. Models additionally control for region of China (North, 
Central, South) and age (ages 18-35y, 35-55y, 55-75y). Stars denote a statistically significant difference in mean PA for high versus low income at the p<0.05 
level for at each time point. 
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CHATPER 5. INDIRECT PATHWAYS FROM URBANICITY TO BMI THROUGH 
CALORIC INTAKE AND PHYSICAL ACTIVITY FROM 1991 TO 2009 IN CHINESE 
ADULTS  
Overview 
Greater urbanicity or having higher income is associated with higher body mass index 
(BMI) in countries experiencing urbanization. Yet, to what extent urbanicity and income 
influence BMI indirectly through caloric intake (kcals) and physical activity (PA) has not been 
tested. We used data from the longitudinal, population-based China Health and Nutrition Survey, 
a cohort of economically- and regionally-diverse Chinese adults [(n=19,002) seen, on average, 
4.2 times over 18 years (1991-2009)]. We built sex-stratified, longitudinal, structural equation 
models and examined the multistep pathway from urbanicity and income through kcals and PA 
to BMI from 1991 to 2009. From our SEM, living in a relatively higher versus lower urbanicity 
area was indirectly associated with higher BMI through lower total PA (p<0.05) and with lower 
BMI through lower kcals (p<0.05). The estimated indirect association between urbanicity and 
BMI through PA was statistically significantly larger in magnitude than the indirect pathway 
through kcals in men (p<0.05), but not women. High versus low income was statistically 
significantly associated with lower PA at earlier time points, and with higher PA and kcals at 
later time points, however, the indirect pathways from income to BMI through kcals and PA 
were rarely statistically significant in either sex. Our findings suggest sex differences in the 
relative contribution of caloric intake versus PA to BMI gains with urbanization, with potentially 
stronger pathways to BMI through PA for men and through caloric intake for women. Lastly, 
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obesity prevention is needed in both urban and rural areas of China, as urbanization-related 
changes in diet and PA are occurring at all urbanicity levels.  
. 
Introduction 
In developing countries, greater urbanization is associated with higher body mass index 
(BMI),(32; 102) potentially through differences in physical activity (PA) and caloric intake 
(kcals).(3; 117) Yet, few researchers have empirically examined the pathway from urbanicity to 
BMI through PA and kcals over time. Previous studies have found that over the course of 
urbanization, the risk for obesity becomes increasingly similar in rural versus urban areas over 
time.(7; 17; 40) Yet, whether this increasing urban-rural similarity in obesity risk is primarily 
due to caloric intake versus PA behaviors has not been empirically tested. Likewise, differences 
in BMI by income narrow with urbanization: early in the urbanization process higher income 
individuals are at higher risk of obesity than their lower income counterparts, but higher obesity 
risk eventually shifts to individuals of lower income later in the urbanization process.(7; 8; 17; 
21) Few studies have examined how changes in energy-related behaviors for individuals at 
different income and urbanicity levels influence the pathway from urbanicity and income to BMI 
through caloric intake and PA over a period of urbanization.  
While recent papers have examined either changes in dietary behaviors(12; 18; 104; 110) 
or PA behaviors(15; 16; 58; 110) with urbanization in China, these studies have yet to complete 
the pathway from urbanization to BMI through diet and PA. The only study that has incorporated 
both dietary and PA measures to examine associations with BMI used an instrumental variable 
approach and did not examine separate pathways from urbanization to BMI.(23) Thus, it is 
unclear whether diet or PA behaviors play a comparatively stronger role in the urban-rural 
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differences in BMI with urbanization. Previous studies in high income countries, such as the 
United States and in Europe, have examined whether major increases in obesity prevalence can 
be attributed to primarily to increases in caloric intake or decreases in PA or both, with no clear 
consensus.(85; 112; 118) However, the United States and Europe have had a much slower rate of 
urbanization and BMI gain compared to low-middle income countries. Only a few studies(23; 
24) have addressed the relative contribution of caloric intake versus PA in relation to changes in 
BMI in low-middle income countries over the course of urbanization. Thus, whether urban-rural 
differences in BMI over the course of urbanization are due primarily to caloric intake versus PA 
is not well understood, leaving gaps in understanding about which subpopulations and which 
behaviors are candidates for most efficacious intervention.  
To address these gaps, we used a structural equation model (SEM) to simultaneously 
estimate direct and indirect pathways from urbanicity and income through caloric intake and PA 
to BMI in 19,002 Chinese adults ages 18-75y seen over 18 years of rapid urbanization. Using 
this pathway-based approach, we examined whether changes in caloric intake versus PA over 
time played a comparatively stronger role in changes in BMI with urbanization. In addition, we 
examined whether direct and indirect associations from urbanicity and income to BMI through 
caloric intake and PA changed over 18 years of urbanization.  
 
Materials and Methods 
Study Design and Participants:  
The China Health and Nutrition Survey (CHNS) is a longitudinal study across 228 
communities within 9 provinces of China. Surveys began in 1989, with subsequent exams every 
2-4 years, for a total of 9 rounds between 1989 and 2011. The CHNS was designed to provide 
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representation of rural, urban, and suburban areas varying substantially in geography, economic 
development, public resources, and health indicators,(96) is the only large-scale, longitudinal 
study of its kind in China. The original exam in 1989 used a multistage, random cluster design in 
eight provinces (Liaoning, Jiangsu, Shandong, Henan, Hubei, Hunan, Guangxi, and Guizhou) to 
select a stratified probability sample; a 9th province, Heilongjiang, was added in 1997 using a 
similar sampling strategy. Essentially two cities (one large and one small city – usually the 
provincial capital and a lower income city) and four counties (stratified by income: one high, one 
low, and two middle income counties) were selected in each province. Within cities, two urban 
and two suburban communities were selected; within counties, one community in the capital city 
and three rural villages were chosen. Twenty households per community were then selected for 
participation. The study met the standards for the ethical treatment of participants and was 
approved by the Institutional Review Boards of the University of North Carolina at Chapel Hill 
and the National Institute of Health and Nutrition, Chinese Center for Disease Control and 
Prevention. More detailed procedures can be found elsewhere.(96)     
Sample 
The eligible sample for this analysis included 19,520 adults aged 18-75y with measured 
height and weight (to derive BMI) for at least one of the 1991, 1993, 1997, 2000, 2004, 2006, or 
2009 exams. We excluded a total of 518 individuals due to: missing covariate data at all eligible 
time points (n=183), pregnancy at the time of exam (n=99), implausible values for total kcal 
intake (n=230; greater than 10,000 kcal per day or <600 kcal/day), or for having a combination 
of these factors (n=6), resulting in an analytic sample of 19,002 individuals (56,990 observations; 
mean number of exams: 4.2). Compared to the 518 individuals excluded due to missing covariate 
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data, pregnancy, or implausible kcals, the 19,002 in the analytic sample were more likely to be 
older, live in less urban areas, have lower kcals and higher PA. 
Primary Outcome Measure: 
Trained practitioners measured participant’s height and weight without shoes and in light 
clothing at each time point using a portable Seca stadiometer and on a calibrated floor scale 
(Seca Zhong Guo, Hangzhou, China). We calculated body mass index (BMI) as weight in 
kilograms divided by height in meters squared. We entered BMI as a continuous, linear variable 
in our statistical models. 
Main Exposure Measures: 
We calculated kcals from diet records measured at 7 time points between 1991 and 2009. 
At each time point, trained nutritionists visited study participants in-home over three days. 
During those three days, the interviewer enumerated and weighed all raw and processed food 
products brought into the home, consumed, and discarded. Over the same time period, 
individuals reported detailed information on the food consumed in and out of the home in three 
24-hour recalls. Then, individual-level intake was calibrated to the household consumption data 
based on the measured weight of consumed products and the proportion eaten by each household 
member.(97; 98) We used Chinese food composition tables to derive kcals and nutrients from 
complex recipes (i.e., mixed dishes).(93) We averaged measured kcals over three days to provide 
usual daily total kcal intake. Total kcal intake in the CHNS has been validated via doubly labeled 
water, showing strong performance.(99) We entered kcals as a continuous variable in our 
statistical models. 
At all exam years, participants reported the timing and intensity of occupational and 
domestic activities. Participants reported the hours per week spent working in the last year for up 
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to two market-sector jobs and/or income-generating activities at home (e.g., working on a farm, 
caring for animals, or having a home business), including time spent sitting, standing, walking 
and lifting heavy loads, which we then categorized as occupational PA.(60) We categorized time 
spent preparing food, buying food, doing laundry, and in childcare as domestic PA.(60) We 
calculated average hours per week for each of the activity domains (occupational and domestic 
PA) and assigned metabolic (MET)-equivalent hours using the Compendium of Physical 
Activities.(109; 110) We entered PA as a continuous variable in our models.  
Urbanicity reflects the degree of urbanization in each community at each time point. 
Urbanization in China has been rapid and has varied spatially and temporally, with some 
communities gaining amenities and infrastructure over time, while other communities lose 
factories or other features that would characterize a more urban environment.(62) We used 
individual-level and community-level data to create a multicomponent scale that represents 
infrastructure, economic, and social service domains that define and distinguish urban 
communities in China.(62) The scale was developed specifically for the CHNS, has high 
reliability, validity, and temporal stability,(62; 65) and has a possible range of 0-120 (with a 
higher score reflecting more urban characteristics across multiple domains). We inflated 
household income, derived from individual and household questionnaires, to 2009 Yuan 
currency in analysis for comparability over time.(100) We categorized urbanicity and income 
into time-specific tertiles (low, medium, and high) to account for secular increases in urbanicity 
and income while examining relative differences in urbanicity and income at each time period. 
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Covariate Measures: 
 Participants reported age and sex at each time point using standard questionnaires. We 
entered age as a categorical variable (18-35y, 35-55y, 55-75y) in all models because we observed 
a non-linear association between age and total PA in initial model testing.  
Statistical Analysis: 
We conducted descriptive analyses in Stata 13 (Stata Corp, College Station, TX, USA). 
We examined individual-level characteristics by time and sex according to tertiles of urbanicity 
(low, medium, and high). We tested differences in descriptive characteristics by urbanicity or sex 
using ANOVA, with statistical significance set at the p<0.05 level. 
Statistical models and tests were administered in MPlus 7.2 (MPlus, Los Angeles, 
California, USA). We used a sex-stratified SEM to examine the multistep pathway relating 
urbanicity, income, and the interaction between urbanicity and income through lifestyle 
behaviors (kcals and PA) and further to BMI at each time point. Our main research interest was 
to examine the indirect pathways between urbanicity and income with BMI through kcals versus 
PA over 18 years of urbanization using a multi-equation system.(88; 89)  
We used our pathway-based model to simultaneously estimate equations for kcals, PA, 
and BMI at each of 7 time points for a total of 21 simultaneous models. Because we did not want 
to impose directionality of the relationship between kcals and PA at each time point, we instead 
accounted for time-varying, within-individual correlation between kcals and PA at each time 
point. We used an unstructured covariance matrix to model within-individual correlation over all 
7 time points separately for kcals, PA, and BMI.  
The equations for kcals and PA at each time point had the following exposure variables: 
income (in time-specific tertiles), urbanicity (in time-specific tertiles), and the interaction 
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between income and urbanicity to test time-varying effect measure modification by income in 
the associations of urbanicity with kcals and PA over 18 years. Equations for BMI had the 
following exposure variables: kcals, PA, income (in time-specific tertiles), urbanicity (in time-
specific tertiles), and the interaction between income and urbanicity. All models were sex-
stratified, and we additionally controlled for age (18-35y, 35-55y, or 55-75y).  
Sensitivity Analysis: 
Higher caloric intake may be associated with higher BMI because individuals with larger 
body size have higher energy needs. Thus, we conducted two separate sensitivity analyses to 
determine if our model findings may reflect this reverse causality. First, we controlled for body 
size by including BMI from the previous measurement occasion in models for current caloric 
intake. Second, we replaced BMI in our pathway-based models with waist to height ratio, which 
captures cardiometabolic risk while controlling for body size, but is not directly associated with 
caloric intake like BMI. In another sensitivity analysis, because previous work has noted regional 
differences in dietary behaviors in this sample,(104) we stratified our models by North, Central, 
and South region to determine whether statistically significant estimated direct and indirect 
pathways from urbanicity and income to BMI differed in the North, Central, or South region. 
Third, we did not include active and travel PA in our measure of total PA because data on travel 
and leisure PA were only collected at time points after 1997. To test whether pathways from 
urbanicity through PA versus caloric intake to BMI differed when we included these other PA 
domains, we repeated our analysis restricted only to time points between 1997 and 2009, and 
included active and travel PA in addition to occupational and domestic PA as our measure of 
total PA. Last, because participants aged in and out of the sample, we conducted a sensitivity 
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analysis to restrict the analytic sample to individuals seen at all 7 time points to ensure our 
findings did not simply reflect differential follow-up. 
 
Results 
Sample characteristics showed an increase in mean urbanicity and income from 1991 to 
2009 (Table 5.1; p<0.001). Caloric intake decreased over time, PA decreased, and BMI increased 
over time (p<0.001).  
Supplemental Figure 3.1 shows mean urbanicity and income according to time-specific 
tertiles. Mean urbanicity increased by similar magnitude from 1991 to 2009 in communities in 
the highest and lowest tertiles of urbanicity. Mean household income increased dramatically over 
time, particularly within the highest tertile of income. For both urbanicity and income, we used 
these time-specific measures to examine within-time differences in behaviors and BMI. 
Results from our SEM pathway models showed that adjusted mean BMI increased more 
over time in men (1991: 20.7 kg/m2; 2009: 23.1 kg/m2) than in women (1991: 20.9 kg/m2; 2009: 
21.4 kg/m2) at medium urbanicity and income (Figure 5.1). BMI was higher (p<0.05) for men in 
relatively high versus low urbanicity areas at all time points except 2009, and was higher for 
women in relatively high versus low urbanicity areas between 1991 and 2000 (p<0.05). Adjusted 
mean BMI decreased from 1991 to 2009 for women in relatively high urbanicity areas at each 
time point, albeit declines were not statistically significant (p>0.05). 
In Supplemental Figure 5.1, we show mean predicted BMI from our SEM models by low, 
medium, and high urbanicity and by low, medium, and high income to examine potential effect 
measure modification by income in the association between urbanicity and BMI. A Wald test for 
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all interaction terms between tertiles of urbanicity and tertiles of income from 1991 to 2009 was 
not statically significantly associated with BMI in men or women (p>0.05). 
Figure 5.2 shows standardized beta coefficients for estimated direct associations for PA 
and kcals with BMI at each time point. Higher kcals was associated with higher BMI across all 
time points (p<0.05), while higher PA was associated with lower BMI across all time points 
(p<0.05). The association between higher PA and lower BMI was larger in magnitude than the 
association between higher kcals and higher BMI in men (p<0.05), but not in women (p=0.453). 
In Figure 5.3, we present statistically significant indirect pathways from urbanicity and 
income to BMI at each time point through either kcals or PA at each time point. We tested 
whether the estimated indirect pathways from urbanicity to BMI through kcals and PA were 
statistically significant across all time points. We found that living in a relatively high versus low 
urbanicity area was associated with lower BMI through lower kcals (p<0.05) and with higher 
BMI through lower PA (p<0.05). The estimated indirect association from urbanicity to BMI 
through PA was statistically significantly larger in magnitude than the estimated indirect 
association through kcals in men (p<0.05) but not in women.  
We examined direct associations in our multistep pathway at each time point and we 
present statistically significant estimated direct associations in Supplemental Figure 5.2. Blue 
arrows show direct associations for urbanization and income with PA, while orange arrows show 
direct associations for urbanization and income with total kcals. We saw that adjusted mean 
caloric intake and PA differed by urbanicity and income at all time points. High versus low 
urbanicity was directly associated with lower caloric intake and lower PA at most time points for 
men and women at all income levels (p<0.05). At later time points, high versus low income was 
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associated with higher mean PA and higher caloric intake at low urbanicity, particularly in 
women.  
 
When we examined direct associations of urbanicity with BMI (Supplemental Figure 5.3), we 
found that living in a high versus low urbanicity area was statistically significantly associated 
with higher BMI in 5 of 7 time points from 1991 to 2009 in men (p<0.05), and was associated 
with higher BMI in the 5 time points between 1991 and 2004 in women (p<0.05).  
We accounted for within-individual correlation between BMI measured at multiple time 
points, finding that correlation between adjacent time points was high (~0.85; Supplemental 
Table 5.1). We observed a positive correlation between kcals and PA at all time points (~0.1; 
Supplemental Table 5.2), such that individuals with higher kcals also had higher PA at each time 
point. 
In our first set of sensitivity analyses, we examined whether the associations we observed 
between higher caloric intake and higher BMI reflect reverse causality because higher energy 
needs for individuals of larger body size. When we controlled for previous BMI in models 
estimating current caloric intake, BMI at the previous time point was only statistically 
significantly associated with current caloric intake between 2006 and 2009, and associations 
between caloric intake and BMI remained statistically significant. When we replaced BMI in our 
models by waist to height ratio, we observed the same patterns of association for indirect 
associations from higher urbanicity to lower caloric intake to lower waist to height ratio. When 
we stratified our models by region, we observed that the direction of estimated direct and indirect 
associations between urbanicity and BMI was similar across all three regions. We observed that 
the estimated indirect associations between lifestyle behaviors and BMI were larger in magnitude 
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in the South versus the North and Central regions. When we restricted our analysis to time points 
between 1997 and 2009 and incorporated active and leisure PA into our measure of total PA, we 
found that, similar to the results we present in our main analysis, estimated indirect associations 
between urbanicity and BMI through total PA (now including occupational, domestic, travel, and 
leisure PA) were larger in magnitude than estimated indirect pathways through caloric intake in 
men but not in women. The magnitude and direction of all associations were similar to our main 
analyses, suggesting that using a PA measure that only included occupational and domestic PA 
did not affect model results or conclusions. Lastly, we conducted a complete case analysis for 
individuals seen at all 7 time points (n=1,337), finding that results were similar in magnitude in 
the complete case analysis and the full analytic sample, albeit with fewer statistically significant 
associations due to the reduced sample size of the complete case cohort. 
 
Discussion 
There is no clear consensus regarding the relative contribution of increases in caloric 
intake versus decreases in PA to rising obesity rates on a population level.(75; 85; 112) Further, 
the bulk of the research examining this question has been conducted in high income countries, 
leaving a gap in understanding concerning the relative contribution of energy-related behaviors 
on obesity in LMICs.(30; 69) We sought to address this gap by capitalizing on a measure of 
caloric intake validated by doubly-labeled water(99) and detailed questionnaires on the timing 
and intensity of occupational and domestic PA, which have both been shown to be associated 
with BMI and/or risk of overweight.(119; 120) Increases in BMI over time were of similar 
magnitude in men but were larger in women for individuals living in less versus more urban 
areas. Using our SEM, we found that the pathway from higher urbanicity to higher BMI through 
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lower PA was relatively larger in magnitude than the pathway from higher urbanicity to lower 
BMI through lower caloric intake in men but not women. These pathways through caloric intake 
and PA resulted in a net higher BMI for men living in more versus less urban areas, but more 
similar mean BMI over time for women in more versus less urban areas.  
Our finding in men of the comparatively stronger association between PA versus caloric 
intake with BMI is in line with previous work by Ng, et al.(23) However, Ng, et al. (23) used an 
instrumental variable analysis to control for urbanicity while examining associations for PA and 
caloric intake with BMI in men. In contrast, our work explicitly examines the multistep pathway 
from urbanicity to BMI through caloric intake and PA. Our findings suggest a comparatively 
stronger association from urbanicity to BMI through PA than caloric intake, similar to Ng, et 
al.,(23) suggesting that preferentially promoting higher PA (versus dietary changes) may hold 
promise in obesity prevention efforts for men.  
Because the pathway from higher urbanicity to higher BMI through lower PA was of 
similar magnitude to the pathway from higher urbanicity to lower BMI through lower caloric in 
women, BMI became more similar over time for women in higher versus lower urbanicity areas. 
Larger increases in BMI over time for women in lower versus higher urbanicity areas may relate 
to higher caloric intake as well as higher PA than their higher urbanicity counterparts. We 
observed this same pattern of association when we replaced BMI with waist to height ratio in our 
models. Previous studies have shown a shift in obesity risk with urbanization, from initially 
higher risk of obesity for women living in more (versus less) urban areas to higher risk of obesity 
for women in less (versus more) urban areas over time.(9; 17; 73) We add to this literature by 
examining temporal changes in behaviors in relation to changes in BMI over time. Our findings 
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suggest that higher caloric intake (rather than lower PA) seems to underlie the observed 
narrowing urbanicity differences in BMI for women. 
Some researchers have suggested moving beyond direct associations between proximate 
obesity-related behaviors (diet and PA) to focus on obesity-related, upstream environmental 
factors for obesity prevention.(121-123) Yet, few researchers have addressed complex 
associations between upstream factors such as urbanicity or income with BMI through diet and 
PA behaviors. The literature in this area is limited because few studies in LMICs have 
comprehensive measures of urbanicity and income as well as detailed behavioral data and 
measured anthropometry.(30; 36; 72) Further, most studies that address urbanicity use crude, 
aggregate and administrative measures of urban versus rural residence rather than a time-varying 
urbanicity measure based on infrastructure, social services, and amenities measured at the 
community-level.(62; 63; 65) The CHNS provides such detailed urbanicity data(62; 65) along 
with carefully measured behavioral and anthropometric data,(96) making it possible to examine 
this multistep pathway from upstream environmental factors to BMI through lifestyle-related diet 
and PA behavior.  
With our unique data and pathway-based statistical models, we found that living in a 
relatively higher versus lower urbanicity area was directly associated with higher BMI at most 
time points, even after accounting for caloric intake and PA. In men, we observed this 
association across all 18 years of our study, while in women, this association was only present at 
earlier time points. Our findings do not clarify which factors of the urban environment may relate 
to the direct association between urbanicity and BMI that we observed. Thus, future research 
should examine other exposures that accompany urbanization to identify which features are 
likely targets to reduce BMI. 
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Previous studies have shown that socioeconomic status is associated with BMI in 
urbanizing countries.(8; 69; 74) Others suggest that socioeconomic status modifies the 
association between urbanicity and BMI.(9; 21) Thus, we examined interactions between 
urbanicity and income in association with caloric intake, PA, and BMI. At later time points, 
higher versus lower income was associated with higher caloric intake and higher PA in less 
urban areas. Yet, we observed few statistically significant indirect associations between income 
and BMI through diet or PA, potentially due to larger variation in income between, rather than 
within, levels of urbanicity. Thus, controlling for urbanicity would already account for income-
related differences in BMI. Urbanicity was indirectly associated with BMI at each income level, 
suggesting that community-level urbanicity may play a comparatively stronger role in BMI than 
individual-level income. 
Though our work suggests critical differences in weight-related lifestyle behaviors in 
urban versus rural areas within a country experiencing rapid urbanization, there are some 
limitations of note. First, region may be an important confounding variable in our study because 
diet and lifestyle differs across North, Central and South regions of China.(104) We were not 
able to add region as a traditional confounding variable in our main analysis due to the 
complexity of our pathway-based models. Thus, in our sensitivity analysis, we stratified models 
by North, Central and South region to determine whether the direction of associations between 
urbanicity and BMI differed by region. We found that the direction of associations between 
urbanicity and BMI did not differ across all three regions, though associations between lifestyle 
behaviors and BMI were larger in magnitude in the South region versus the North or Central 
region. Second, we were unable to address time spent in sedentary behaviors, which is associated 
with cardiometabolic risk factors independently of PA.(111; 124) Time spent in sedentary 
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behaviors was only collected in 2004, 2006, and 2009, and including this data would have 
greatly reduced the sample size and timespan of our study. Having 18 years of data and a large 
samples size for our complex models were strengths of our work. Despite these limitations, our 
work has several strengths: we have a longitudinal, population-based sample with detailed 
measures on time-varying urbanicity, a validated measure of caloric intake, detailed 7-day recall 
PA measures, and measured anthropometry collected over 18 years. With these rich data, we 
applied a complex statistical analysis to determine direct and indirect associations from 
urbanicity and income to BMI through diet and PA behaviors in Chinese adults over an 18-year 
period of rapid urbanization.  
In sum, our findings suggest sex differences in the pathways to BMI through diet and PA 
with urbanization. We found that the higher observed BMI for men living in relatively more 
versus less urban areas was particularly attributable to lower PA levels (as opposed to higher 
caloric intake). In contrast, for women, the higher BMI in less urban areas seemed to be 
particularly attributable to higher caloric intake (versus lower PA). Of note, our findings show 
pervasive, urbanization-related changes in diet and PA across urban and rural areas. These 
changes have contributed to the increase in BMI with urbanization in China that will require 
intervention across all levels of urbanization.
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Tables and Figures 
Table 5.1 Mean Characteristics over time according to sex, China Health and Nutrition Survey 1991-20091 
 Men Women 
 1991 2000 2009 1991 2000 2009 
N 3,819 4,170 4,112 4,225 4,540 4,489 
Age, years 40.6 (14.6) 44.0 (14.4) 48.5 (13.8) 40.2 (14.4) 44.3 (13.8) 48.9 (13.6) 
Income, 100 Yuan2 165.0 (190.0) 242.0 (244.0) 498.0 (729.0) 164.0 (191.0) 241.0 (246.0) 472.0 (628.0) 
Urbanicity3 46.5 (16.2) 58.9 (18.5) 66.7 (19.3) 46.7 (16.2) 59.2 (18.4) 67.4 (19.4) 
Total kcal/day4       
Total Sample 2,759.0 (700.0) 2,463.0 (653.0) 2,374.0 (685.0) 2,406.0 (605.0) 2,113.0 (571.0) 2,008.0 (612.0) 
Low Urbanicity 2,981.0 (777.0) 2,501.0 (683.0) 2,432.0 (676.0) 2,631.0 (640.0) 2,186.0 (608.0) 2,099.0 (648.0) 
Medium 
Urbanicity 2,760.0 (656.0) 2,480.0 (676.0) 2,419.0 (711.0) 2,397.0 (566.0) 2,112.0 (548.0) 2,002.0 (561.0) 
High Urbanicity 2,534.0 (579.0) 2,407.0 (593.0) 2,271.0 (656.0) 2,187.0 (520.0) 2,042.0 (545.0) 1,921.0 (610.0) 
Physical Activity, 
MET-hours/week5 
      
Total Sample 382.0 (245.9) 261.2 (212.3) 210.7 (211.8) 437.8 (279.5) 273.3 (224.7) 209.6 (213.6) 
Low Urbanicity 529.9 (205.5) 380.4 (205.5) 307.4 (252.0) 618.5 (227.9) 408.3 (213.7) 309.9 (259.0) 
Medium 
Urbanicity 428.5 (249.7) 290.1 (214.9) 217.4 (202.7) 478.1 (281.0) 295.1 (229.5) 210.0 (197.8) 
High Urbanicity 185.8 (119.4) 112.5 (98.3) 108.3 (103.2) 213.9 (137.8) 115.6 (97.5) 106.0 (94.2) 
Body Mass Index6       
Total Sample 21.5 (2.6) 22.7 (3.1) 23.4 (3.4) 21.9 (3.0) 23.0 (3.3) 23.4 (3.5) 
Low Urbanicity 20.8 (2.1) 22.1 (2.8) 22.8 (3.2) 21.3 (2.6) 22.5 (3.1) 23.3 (3.6) 
Medium 21.5 (2.5) 22.6 (3.1) 23.5 (3.5) 22.0 (3.0) 23.1 (3.4) 23.4 (3.5) 
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Urbanicity 
High Urbanicity 22.2 (3.0) 23.4 (3.3) 23.9 (3.4) 22.4 (3.3) 23.4 (3.4) 23.4 (3.5) 
1All cells are shown as mean (standard deviation). Additional exam years not shown: 1993, 1997, 2004, and 2006. ANOVA tests for differences in characteristics 
over time were all statistically significant at the p<0.05 level. 
2Household income derived inflated to 2009 Yuan values. 
3Urbanicity defined by a multicomponent urbanicity scale with possible score of 0-120 points, with time-specific tertiles of the urbanicity scale used to define 
low, medium, and high urbanicity). 
4Dietary data derived from 3-day dietary records based on weighed and measured foods in addition to three simultaneous 24-hour recalls at each time point. 
5Physical Activity based on the timing and intensity of occupational and domestic physical activity at each time point. 
6Body mass index calculated from measured height and weight collected at each time point. 
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Figure 5.1. Adjusted mean BMI in Chinese men and women ages 18-75y according to urbanicity level China Health and 
Nutrition Survey 1991-20091 
 
1Adjusted means from sex-stratified structural equation models estimating BMI at each time point. Main exposure variables were caloric intake (kcals), total 
physical activity, urbanicity (time-specific tertiles of low, medium, and high urbanicity), income (time-specific tertiles of low, medium, and high income), and 
the interaction between urbanicity and income. We additionally controlled for age at time of exam (18-35y, 35-55y, 55-75y). Caloric intake and total physical 
activity were model-based exposure variables to capture indirect pathways connecting urbanicity and income to BMI. Figures show adjusted mean values 
according to low, medium, and high urbanicity and sex at medium income and referent age category (18-35y). 
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Figure 5.2. Standardized beta coefficients for the estimated direct associations of caloric intake and total PA with BMI over 18 
years of urbanization, China Health and Nutrition Survey 1991-20091 
 
1Standardized beta coefficients from sex-stratified structural equation models predicting BMI 1991-2009. Caloric intake (kcals) and PA were main exposure 
variables, and we additionally controlled for urbanicity (time-specific tertiles of low, medium, and high urbanicity), income (time-specific tertiles of low, 
medium, and high income), the interaction between urbanicity and income, and age (18-35y, 35-55y, 55-75y). Stars denote a statistically significant beta 
coefficient for high versus low urbanicity via t test at the p<0.05 level. 
  
 116 
1
1
6
 
Figure 5.3. Sign and statistical significance for estimated indirect associations of urban residence and income with BMI 
through caloric intake and total PA in men and women, China Health and Nutrition Survey 1991-20091 
 
1Derived from sex-stratified structural equation models predicting BMI 1991-2009. Caloric intake (kcals) and PA were main exposure variables, and we 
additionally controlled for urbanicity (time-specific tertiles of low, medium, and high urbanicity), income (time-specific tertiles of low, medium, and high 
income), the interaction between urbanicity and income, and age (18-35y, 35-55y, 55-75y). Caloric intake and total physical activity were model-based 
exposure variables to capture indirect pathways from urbanicity and income to BMI. Colored cells denote a positive (blue) or negative (orange) indirect 
association with a p value <0.1. One plus or minus inside the box denotes that the estimated indirect association was statistically significant at the p<0.05 level. 
Two pluses or minuses inside the box denote an estimated indirect association that was statistically significant at the p<0.01 level. 
2P value derived from a t test comparing the estimated indirect association of living in a relatively medium or high urbanicity area (versus low urbanicity area) on 
BMI across all time points. 
.
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Supplementary Figure 5.1. Adjusted mean BMI in Chinese men and women ages 18-75y according to urbanicity and income, 
China Health and Nutrition Survey 1991-20091 
 
1Adjusted means from sex-stratified structural equation models estimating BMI at each time point. Main exposure variables were caloric intake (kcals), total 
physical activity, urbanicity (time-specific tertiles of low, medium, and high urbanicity), income (time-specific tertiles of low, medium, and high income), and 
the interaction between urbanicity and income. Caloric intake and total physical activity were model-based exposure variables to capture indirect pathways 
connecting urbanicity and income to BMI. All models additionally controlled for age (18-35y, 35-55y, 55-75y). Figures show adjusted mean values according 
to low, medium, and high urbanicity, low, medium, and high income, sex, and referent age category (18-35y). 
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Supplementary Figure 5.2. Statistically significant direct pathways from structural equation models predicting BMI across 18 
years in Chinese adults, China Health and Nutrition Survey 1991-20091 
Men 
 
Women 
 
1Derived from sex-stratified structural equation models predicting BMI 1991-2009. Caloric intake (kcals) and PA were main exposure variables in addition to 
urbanicity (time-specific tertiles of low, medium, and high urbanicity), income (time-specific tertiles of low, medium, and high income), and the interaction 
between urbanicity and income. Caloric intake and total physical activity were model-based exposure variables to capture indirect pathways connecting 
urbanicity and income to BMI. Models additionally controlled for age (18-35y, 35-55y 55-75y). Positive (solid lines) and negative (dashed lines) direct 
associations between urban residence and income with physical activity (blue), kcals (orange), or BMI (red) that were statistically significant (p<0.05) are 
shown.  
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Supplementary Figure 5.3 Standardized beta coefficients for the estimated direct associations of medium and high urbanicity 
(versus low urbanicity) with BMI over 18 years of urbanization, China Health and Nutrition Survey 1991-20091 
 
1Standardized beta coefficients from sex-stratified structural equation models predicting BMI 1991-2009. Caloric intake (kcals) and PA were main exposure 
variables, and models additionally controlled for urbanicity (time-specific tertiles of low, medium, and high urbanicity), income (time-specific tertiles of low, 
medium, and high income), the interaction between urbanicity and income, and age (18-35y, 35-55y, 55-75y). Stars denote a statistically significant beta 
coefficient for high versus low urbanicity via t test at the p<0.05 level. 
. 
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Supplementary Table 5.1. Model-based correlation for BMI in Chinese men and women, China Health and Nutrition Survey 
1991-20091 
Men 1991 1993 1997 2000 2004 2006 2009 
1991        
1993 0.853       
1997 0.759 0.782      
2000 0.720 0.743 0.820     
2004 0.700 0.730 0.772 0.816    
2006 0.687 0.690 0.756 0.792 0.892   
2009 0.630 0.650 0.713 0.769 0.826 0.852  
Women        
1991        
1993 0.871       
1997 0.794 0.812      
2000 0.764 0.790 0.837     
2004 0.737 0.762 0.795 0.822    
2006 0.705 0.740 0.773 0.806 0.879   
2009 0.682 0.717 0.750 0.782 0.842 0.864  
1Model-based correlation from sex-stratified, pathway-based structural equation model predicting BMI. Caloric intake and total physical activity were model-
based exposure variables to capture indirect pathways connecting urbanicity and income to BMI. 
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Supplementary Table 5.2. Model-based correlation for caloric intake and physical activity in Chinese men and women, China 
Health and Nutrition Survey 1991-20091 
 Men Women 
1991 0.063 0.082 
1993 0.045 0.046 
1997 0.113 0.097 
2000 0.059 0.063 
2004 0.125 0.110 
2006 0.070 0.066 
2009 0.048 0.039 
1Model-based correlation from sex-stratified, pathway-based structural equation model predicting BMI. Caloric intake and physical activity were model-based 
exposure variables to capture indirect pathways connecting urbanicity and income to BMI.
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CHAPTER 6. SYNTHESIS 
Overview of Findings 
In this research, we examined whether associations of urbanicity with (1) dietary and (2) 
PA behaviors over 18 years of urbanization differ by income level over time. Then, we examined 
multistep, indirect pathways from urbanicity through caloric intake and PA to BMI over 18 
years, again testing whether these associations varied by income and over time. We used the 
unique CHNS, a longitudinal survey with data from more than 19,000 economically- and 
regionally-diverse Chinese adults experiencing rapid urbanization between 1991 and 2009. 
Capitalizing on rich, longitudinal data in Chinese adults, we employed sophisticated statistical 
techniques to address important limitations in the nutritional epidemiology literature. In doing so, 
our work highlights the evolving socioeconomic disparities in diet and PA behaviors over a 
period of urbanization, as well as heterogeneity in the associations between urbanicity and 
income with BMI through energy-related behaviors. In this work, we provide key insights into 
sociodemographic groups that may be at higher risk of lifestyle-related chronic diseases, and 
which behaviors may be the most efficacious targets. 
 
Aim 1: Associations of urbanicity with caloric intake and %animal-source kcals differ by 
income over time 
 Urbanization results in changes to the food supply, including increases in the amount of 
animal-source products and calories available for consumption.(44; 48; 75) Consuming more 
calories from animal-source foods and having higher caloric intake may also play a role in the 
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rising obesity and CVD rates in urbanizing countries.(3; 11) In this aim, our objective was to 
examine the time-course of urbanization-related dietary changes across different socioeconomic 
subpopulations by examining associations of urbanicity with caloric intake and %animal-source 
kcals and determining whether these associations differed by income over 18 years of 
urbanization. 
 Our SEM model findings showed that caloric intake declined most over time and 
%animal-source kcals increased most over time for individuals living in lower versus higher 
urbanicity areas. Because there were larger changes in dietary behaviors among individuals 
living in less urban areas, caloric intake and %animal-source kcals became more similar in more 
versus less urban areas over time. We found in Aim 1 that total PA declined over this same time 
period, thus declines in caloric intake over time may reflect decreased energy needs from lower 
PA. Meanwhile, large increases in %animal-source kcals among individuals living in less urban 
areas are suggestive of Westernized dietary behaviors spreading to less urban areas of China.  
 We examined time-varying interactions between urbanicity and income with both caloric 
intake and %animal-source kcals, with the hypothesis that particularly in less urban areas, higher 
income is associated with higher caloric intake and %animal-source kcals. Our model results 
showed that small income-related disparities in caloric intake and %animal-source kcals were 
maintained over time, but only in less urban areas. Namely, in less urban areas, we observed 
higher caloric intake and %animal-source kcals for individuals of higher versus lower income, 
suggesting that increases in income with urbanization may have played a particularly strong role 
in the large dietary changes we observed among individuals living in less urban areas. Further, 
we found that individuals with high income residing in less urban communities had the highest 
observed caloric intake in our sample, as well as high consumption of animal-source calories. 
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Therefore, high income individuals living in less urban areas may be a particularly important 
group to target in dietary interventions to prevent diet-related chronic diseases. 
With our unique approach to examine income- and urbanization-related differences in 
dietary behaviors over time, our findings suggest that socioeconomic gradients in dietary 
behaviors remained in less urban areas even as differences in caloric intake and %animal-source 
kcals narrowed in more versus less urban areas over time. Thus, increasing incomes with 
urbanization likely play an important role in the increasingly similar dietary behaviors we 
observed over time in more versus less urban areas. Our findings suggest that implementing 
dietary intervention early in the urbanization process may be fitting in both urban and rural areas 
in LMICs. 
 
Aim 2: Associations of urbanicity with PA domains differ by income over a period of 
urbanization 
 Previous studies have not determined whether urbanization-related changes in PA 
behaviors over time occur differently by income level and urbanicity within a single country over 
time. Further, a high proportion of zero values for PA domains presents a challenge for 
examining continuous PA in statistical models. Because of this challenge, most researchers 
categorize PA, obscuring whether time trends in PA are due to differences in participation versus 
amount of PA. To address these gaps in the literature, we used a unique application of zero-
inflated negative binomial models to assess associations of urbanicity, income, and the 
interaction between urbanicity and income with occupational, domestic, travel, leisure, and total 
PA over 18 years.  
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 We found that individuals living in less urban areas experienced larger declines in PA 
from 1991 to 2009 than individuals living in more urban areas, such that PA became more 
similar by urbanicity over time. We also found that differences in PA by income emerged over 
time in individuals at all urbanicity levels: individuals of higher versus lower income reported 
higher PA, with widening differences in PA by income over time. These emerging income-
related inequalities in PA mirror income disparities typically observed in highly urbanized 
countries (i.e., higher PA for individuals with higher income).(14; 15; 20; 22; 58) Thus, our 
findings suggest that intervening early in the urbanization process to increase PA in low-income 
populations may help alleviate income-related inequalities in PA.  
  We used zero-inflated negative binomial models to examine changes in occupational, 
domestic, travel, and leisure PA over time in order to determine how these PA domains 
contributed to overall PA differences by urbanicity and income over time. We found that 
occupational PA was the largest contributor to declines in total PA for individuals living in less 
urban areas. We observed increases in leisure PA primarily among individuals living in more 
urban areas with higher income. Given that individuals living in less urban areas experienced 
large declines in occupational PA and did not increase participation in any other domains of PA, 
our findings suggest that promoting participation in leisure PA is critical for mitigating 
urbanization-related declines in occupational PA. Further, our results showed that, by 2009, 
individuals of higher income across all urbanicity levels had higher occupational and leisure PA 
than their lower income counterparts, suggesting that leisure and occupational PA were the 
primary contributors to growing socioeconomic disparities in total PA with urbanization. Higher 
occupational and leisure PA for individuals of higher versus lower income were present across 
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all urbanicity levels in 2009, suggesting that with urbanization, the association between income 
and PA became more similar across urbanicity levels over time.  
We found that adjusted mean total PA at all time points was higher than the 11.25-22.5 
MET-hours/week of PA recommended in the World Health Organization Physical Activity 
Guidelines.(116) However, we found that participation in any PA decreased over time, and we 
observed continued declines in PA behaviors over time, particularly in less urban areas. We also 
found increases in time spent in sedentary behaviors between 2004 and 2009 across all levels of 
urbanicity and income. These trends in PA and sedentary behavior (albeit over a shorter time 
span) highlight worrisome trends in patterns of activity at all income and urbanicity levels, 
though our findings suggest that individuals of low income or living in less urban areas may be 
at disproportionately higher risk of having insufficient PA in the years to come. 
 In sum, Aim 2 showed that emerging income- and urbanization-related 
inequalities in PA behaviors over a period of urbanization in China mirror patterns observed in 
highly urbanized countries. Our findings suggest that addressing low PA for individuals in less 
urbanized areas and with low income is critical to avoid inequalities in physical inactivity-related 
diseases, such as obesity, diabetes and CVD. 
 
Aim 3: Indirect pathways from urbanicity and income to BMI through caloric intake and PA 
over 18 years 
 While caloric intake and PA are the major determinants of BMI,(125) income and 
urbanicity are also considered risk factors for overweight/obesity.(121) We showed in Aims 1 
and 2 that associations of urbanicity with diet and PA behaviors differed by income level in 
adults experiencing urbanization. However, the extent to which differences in energy-related 
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behaviors for individuals in more versus less urban areas or with high versus low income are 
ultimately associated with BMI has not been empirically tested in adults experiencing 
urbanization. Thus, it is unclear what the most relevant behavioral pathways from urbanization to 
BMI are across different socioeconomic subgroups. We addressed this research gap in this final 
aim by examining the multistep pathway from urbanicity and income through caloric intake and 
PA to mean BMI over 18 years of urbanization. 
 From our pathway-based SEM, we found that higher urbanicity was indirectly associated 
with higher BMI through lower PA and that higher urbanicity was indirectly associated with 
lower BMI through lower caloric intake. We tested the magnitude of these associations, finding 
that the indirect association from urbanization to BMI through PA was larger in magnitude than 
the indirect association through caloric intake in men but not in women. Our findings suggest 
that emphasis on increasing PA (rather than lowering caloric intake) could be relevant in 
strategies to reduce BMI for men in highly urbanized areas. In women, higher caloric intake in 
less versus more urban areas persisted over time and potentially underlies the narrowing 
differences in BMI for women living in more versus less urban areas over time. These findings 
suggest that urbanization is differentially associated with BMI through diet versus PA in men 
and women.  
Previous studies have found that the association between socioeconomic status and risk of 
overweight/obesity changes with urbanization (with initially higher obesity risk for individuals 
of higher socioeconomic status transitioning to higher obesity risk for individuals of lower 
socioeconomic status over time).(9; 74) Thus, we examined interactions between urbanicity and 
income in association with caloric intake, PA, and BMI in our pathway model. At later time 
points, higher versus lower income was associated with higher caloric intake and higher PA in 
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less urban areas. Yet, we observed few statistically significant indirect associations between 
income and BMI through diet or PA. Thus, our findings suggest that community-level urbanicity 
may play a comparatively stronger role in BMI than individual-level income, despite differences 
in lifestyle-behaviors by income. 
 By connecting the multistep pathway from community urbanicity and income through 
lifestyle behaviors and further to BMI, this aim makes an important contribution to the literature 
on associations between broad environmental factors with health outcomes. We empirically 
tested indirect pathways from urbanicity and income to BMI through energy-related behaviors, 
and as such, we are able to elucidate the behavioral patterns related to increases in BMI observed 
with urbanization. Our findings suggest that emphasizing increases in PA (rather than decreases 
in caloric intake) may have great benefit in preventing urbanization-related weight gain for men. 
In women, caloric intake (as opposed to PA) appears to be an important contributor to the 
observed patterns in BMI that we observed. Of note, our findings show pervasive, urbanization-
related changes in diet and PA across urban and rural areas that have contributed to the increase 
in BMI with urbanization in China and will require intervention across all levels of urbanization 
 
Limitations 
 A key limitation of our study is that we do not address how the rate of change of 
urbanicity or lifestyle behaviors is associated with BMI over time. Our research illustrates time-
varying differences by income in the associations of urbanicity with lifestyle behaviors and BMI 
over 18 years. However, our findings do not show whether the rate of urbanization is associated 
with the rate of adoption of dietary behaviors, or whether a faster or slower rate of change in 
lifestyle behaviors differentially influences mean BMI.   
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While our urbanicity index used to measure community urbanization captures important 
synergies between multiple facets of urban living in China (relating to social services, amenities, 
and infrastructure), specific components of the scale, such as availability of supermarkets, may 
more directly influence dietary and PA behaviors in this sample. Though this work shows large 
differences in lifestyle behaviors and mean BMI in more versus less urban areas, we cannot 
conclude which specific aspects of the community environment underlie these associations.  
 Some researchers have shown that the amount of time spent in moderate-vigorous PA in 
addition to the total dose of PA may be associated with BMI due to metabolic changes which 
occur with moderate-vigorous PA.(125) Our measure of PA, MET-hours, combines timing and 
intensity of PA, and so we were unable to differentiate between time spent in moderate-vigorous 
PA versus lighter PA. 
In Aim 1, we used animal-source foods as our measure of a Westernized diet, yet, there 
are multiple other markers that could indicate Western patterns of food consumption, including 
processed food intake, eating away from home, and consumption of snacks and sugar.(12) In 
previous work, researchers derived longitudinal dietary patterns in the CHNS to reflect either a 
traditional or modern diet.(104) Analyzing the complete diet, rather than one specific food group, 
could yield important additional insights into the adoption of Western dietary behaviors across 
socioeconomic groups.  
 
Strengths 
 Despite these limitations, this dissertation has several key strengths. First, the strengths of 
our data source. The CHNS is an incredibly unique data set in that it captures lifestyle behaviors, 
community environments, and measured anthropometry from over 20 years and multiple 
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measurement occasions. Such a rich data set is rarely found in Western countries like the United 
States and is even more rare in an LMIC. Further, the CHNS surpasses most other Chinese data 
sets in that it captures data for entire households (so there are no age or gender-based restrictions 
in the sample) and across different socioeconomic groups. Most studies focus sampling 
procedures in a limited geographic area or within one community, limiting the inferences that 
can be made from their work for the larger Chinese population. The sampling procedure for 
CHNS areas ensured a wide variation in urban, suburban, and rural areas, as well as high-income 
and low-income areas. This variation is what made our examination of interactions between 
income and urbanicity possible while enhancing the significance of our work, in that we are able 
to make comparisons and recommendations across high versus low income individuals living in 
more versus less urban areas. 
 An important strength of this work is our measure of urbanicity. The urbanicity scale 
developed for the CHNS incorporates multiple measures of demographics, infrastructure, and 
social services into a time-varying, validated scale that distinguishes higher versus lower 
urbanicity areas of China.(62; 65) We categorized the urbanicity scale into time-specific tertiles 
so that we could examine within-time differences in lifestyle behaviors and BMI for higher 
versus lower urbanicity areas over different stages of urbanization. With this powerful measure, 
we were able to distinguish time-varying associations between living in a relatively higher versus 
lower urbanicity area with dietary and PA behaviors, as well as BMI over time. 
 Another strength of the CHNS is the detailed dietary and PA data measured at 7 time 
points. Few studies collect rigorous measures of both diet and PA, and thus, most studies have an 
incomplete picture of the changing energy-related lifestyle behaviors over a period of 
urbanization.(112) Our measure of caloric intake has been validated by doubly labeled water,(99) 
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and, unlike most studies, our PA data explicitly captures multiple domains (occupational, 
domestic, travel, and leisure PA) to gain a comprehensive picture of PA behaviors over time. Our 
study also capitalizes on measured anthropometry from all 7 time points of our study, from 
which we calculated BMI. Self-reported BMI can be biased due to social desirability and 
illiteracy.(126) In contrast, the CHNS has trained practitioners weigh and measure height of 
participants at each time point to limit these potential sources of bias. 
Our pathway-based, longitudinal SEM is a key strength of this work. As opposed to 
previous studies which have examined static associations between urbanicity and income with 
mean BMI or overweight risk, we examined the multistep pathway from urbanicity and income 
to BMI through time-varying energy-related behaviors. The SEM was a critical component of 
this dissertation given the complex web of environmental and behavioral determinants of BMI 
and obesity risk.(127) With our multi-equation model, we were able to highlight behavioral 
profiles that underlie the differences in BMI in higher versus lower urbanicity areas of China 
over different stages of urbanization.  
 
Significance and Public Health Impact 
 Our research makes critical advances in the fields of nutrition and public health. 
Throughout these aims, our model findings illustrate heterogeneity in the association of 
urbanization with lifestyle behaviors and BMI for individuals living at different urbanicity levels 
and with different incomes. Our findings suggest that urbanization is not a linear, homogeneous 
process that has equal impact on behavior. We went beyond examining simple changes in 
behavior with urbanization to building a full pathway-based model from urbanicity and income 
to BMI over 18 years, finding distinct behavioral pathways were associated with higher mean 
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BMI in more versus less urban areas. From this dissertation, we can make recommendations 
concerning the future of research and policy development in LMICs.  
 
1. Our findings show heterogeneity in behavioral responses to urbanization.  
Our findings show that individuals living in more versus less urban areas of a country 
experiencing urbanization over time followed different patterns of dietary and PA behaviors over 
time, with further differences in behaviors by income within each urbanicity level. Many studies 
use limited, community-specific samples to examine lifestyle behaviors and then extrapolate 
their findings to wider regional contexts. However, we found that the rate of change in caloric 
intake, PA, and %animal-source kcals was larger in less urban areas than more urban areas. 
Further, we found that income was more strongly associated with dietary behaviors in less versus 
more urban areas, while higher income was associated with higher PA across all urbanicity 
levels. Thus, not only is urbanicity differentially associated with lifestyle behaviors depending on 
income, we find that these differences by urbanicity and income are not uniform over time or for 
various lifestyle behaviors. Thus, broader regional studies that capture variation in communities 
and socioeconomic status are critical for understanding of which subpopulations may be most at 
risk of lifestyle-related chronic disease.  
 
2. Our findings suggest that dietary and PA intervention to prevent overweight/obesity for low 
income individuals living in less urban areas may be beneficial even early in the urbanization 
process.   
Intervention models for public health include (1) intervening on risk factors only in the 
most at risk populations or (2) intervening on the population at large regardless of risk level. In 
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this dissertation, we observed that associations among urbanicity, income, and lifestyle behaviors 
changed direction over time, such that subpopulations considered most at risk for obesity 
changed over time from individuals of high income living in more urban areas towards 
individuals of low income living in less urban areas. Thus, early in the urbanization process, 
strategies to prevent overweight/obesity is needed for low income individuals living in less urban 
areas. 
 In our study, we observed large differences in associations of income and urbanicity with 
dietary and PA behaviors over time. At earlier time points, individuals living in highly urbanized 
areas reported only half as much PA and twice as much intake of %animal-source kcals in 
comparison to individuals living in less urbanized areas. These findings would suggest that 
individuals in highly urbanized areas are most at risk of overweight/obesity and CVD, and thus 
should be targeted for lifestyle intervention. Indeed, we observed that individuals in more versus 
less urban areas had higher mean BMI at earlier time points. However, over the course of our 
study, the behavioral profiles for individuals living in more and less urban areas changed 
dramatically. Over 18 years, we observed that PA declined rapidly and %animal-source kcals 
increased in less urban areas, while PA and %animal-source kcals were relatively constant over 
time in more urban areas. Meanwhile, mean BMI increased more over time for women living in 
less urban areas than in more urban areas, and lower income, rather than higher income, was 
associated with lower PA across all levels of urbanicity. Thus, the subpopulations with greater 
risk for obesity due to their dietary and PA behaviors changed over time.  
Our findings show that, even though dietary and PA risk factors for overweight/obesity 
are observed earlier in highly urbanized individuals with high income, the process of 
urbanization is such that individuals of lower income living in less urbanized areas develop these 
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same risk factors over time. The changing demographics of the at risk population over the course 
of urbanization are such that implementing obesity prevention across more and less urban areas 
early in the urbanization process, even before individuals in less urban areas display highly 
Westernized behaviors, can be a fruitful strategy for obesity prevention in urbanizing countries. 
 
3. We found that the behavioral patterns most relevant for increases in BMI differ in more versus 
less urban areas and by sex. 
  Researchers have examined relative contributions of caloric intake versus PA to increases 
in BMI over time, without conclusive findings. We examined a similar question but in a unique 
way that provides important insight into why this research question has yet to be solved. We 
used a pathway-based model to investigate caloric intake and PA as mediators in a multistep 
pathway from urbanicity and income to BMI, finding that behavioral patterns associated with 
higher mean BMI differed at different urbanicity levels. We observed that the pathway from 
higher urbanicity to higher mean BMI through lower PA was larger in magnitude than pathway 
through caloric intake in men, but not in women. In women, higher caloric intake (rather than 
lower PA) in less versus more urban areas was associated with increases in mean BMI over the 
study period. Thus, our findings show that for men versus women, and in high versus low 
urbanicity areas, caloric intake versus PA was more strongly associated higher mean BMI levels. 
Our findings suggest that for some populations, PA may be a more salient target for 
reducing BMI, whereas in others, caloric intake needs to be addressed. Overweight/obesity is a 
complex, multifaceted disease. Even though the balance of caloric intake and PA ultimately 
determines BMI, multiple social, environmental, and psychological factors interact to influence 
these energy-related behaviors that in turn determine BMI. Our findings suggest that the 
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influence of upstream social and environmental factors cannot be ignored when examining 
energy-related behavior associated with overweight/obesity in a given population. Further, 
examining these distinctions in the relative importance of caloric intake versus PA in more 
versus less urbanized areas is needed for the development salient, efficacious interventions to 
prevent and treat overweight/obesity across different communities.  
 
Future Directions 
  While this study makes great strides in understanding the behavioral pathways that 
underlie changes in the associations of urbanicity and income with BMI over a period of 
urbanization, there are many questions left to address. First, while our study makes great strides 
in understanding the behavioral changes occurring with urbanization, the urbanicity scale is a 
multicomponent measure that captures synergies among different facets of the urban 
environment. Thus, it does not tell us which distinct features of urban living relate to the dietary 
and PA behavior changes we observed over time. The 12 distinct components of the urbanicity 
scale are more direct measures of infrastructure and amenities. Examining these separate 
components in relation to dietary and PA behaviors may provide a more complete understanding 
of the associations we observed in this dissertation, and lead to better targeting of communities 
with higher risk of Westernized lifestyle behaviors and excess BMI.  
 Further, while caloric intake and PA ultimately are the major determinants of an 
individual’s BMI, there is evidence to suggest that diet composition may also play a role in 
determining body weight, either through physiological or psychological means.(13; 54; 125; 
128) Previous studies have shown that the composition of the Chinese diet has changed with 
urbanization, with a higher fat and protein intake over time.(12; 104) Thus, it is possible that 
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dietary composition may also be contributing to differences in BMI for individuals living in 
more versus less urban areas over time. Future work could examine how pathways from 
urbanicity to BMI are influenced by changes in macronutrient composition as well as caloric 
intake.  
 Lastly, an important future step will be to connect our multistep SEM to more 
cardiometabolic outcomes, creating a 3-step pathway that includes mediation through BMI to 
hypertension or diabetes. Such a model could answer critical questions for the nutritional 
epidemiology field regarding the influence of behaviors versus BMI on cardiometabolic risk, and 
the profile of these risk factors for individuals living in highly urbanized areas versus less 
urbanized areas. 
These future directions all act in the interest of better understanding whether urbanization 
differentially associates with lifestyle behaviors and disease risk over time. With findings from 
this dissertation as well as from these proposed future studies, public health researchers and 
policy-makers will have the power to make more informed decisions concerning which 
communities and individuals should be targeted for specific behavioral intervention. Ultimately, 
this more tailored approach to intervention and policy will lead to more cost- and time-effective 
solutions to reduce the burden of obesity and cardiometabolic disease worldwide. 
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